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Communicated 9 January 1952 by G. Boretius and H. Atrvin 


Some measurements on the absorption of 75—200 keV 


electrons in aluminium 


By Incvar CARLVIK 


With 14 figures in the text 


Abstract 


Absorption curves in aluminium have been measured for monoenergetic electrons 
in the energy interval 75-200 keV, using mica-window G. M. counters as detectors. 
The measurements have been made with two different geometrical arrangements. 
The geometry does not seem to influence the general shape of the curves very much, 
except for the thinnest absorbers. The results are compared with existing range- 
energy relations. 


1. Introduction 


The range-energy relationship of /-rays in aluminium is given by the well-known 
equation of Feather for energies down to 0.7 MeV, but for lower energies it is less 
well established. Under 200 keV there are rather few measurements on the absorp- 
tion of f-rays, and the range-energy relation is, in this region, mainly based on 
the practical ranges of SCHONLAND (1) for homogeneous electrons. Schonland mea- 
sured the electron currents with galvanometers. The present investigation was 
undertaken because it seemed interesting to make new measurements with G. M. 
counters on homogeneous electrons. 


2. The accelerator 


The electrons were accelerated in a small accelerator for 200 keV, which has been 
built at the Department I of Physics, Royal Institute of Technology, Stockholm. 

A drawing of the acceleration tube is shown in Fig. 1 and a photograph of it in 
Fig. 2. The acceleration tube consists of four porcelain insulators with electrostatic 
lenses between them. It supports the high voltage electrode, which contains the 
electron gun, voltage sources for the electron gun, and variable transformers for 
varying the voltages. The transformers can be adjusted by means of cords from the 
control panel, and the power is supplied by an insulated transformer. 

The electron gun consists of a tungsten filament, a first anode, which is at the 
same time a magnetic lens, and a second anode. 
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Fig. 1. The accelerator. 


The high voltage is supplied by a Cockcroft and Walton set which gives 200 kV 
and a maximum current of 5 mA. 

The acceleration tube is evacuated by a mechanical pump and an oil diffusion 
pump in series. A similar pair of pumps is used to evacuate the vacuum system — 
after the analyzer, because of the low pumping speed through the analyzer deflection 
tube. 

The voltage is not stabilized. It varied a little from time to time, so it had to be 
adjusted by hand throughout each measurement. 


3. The resistor 


The voltage is measured by means of a resistor consisting of 50 wire-wound resistors 
of 10 MQ each, which are mounted in two identical tubes, with 25 resistors in each 
tube. The resistors are cooled by transformer oil, which is circulated through the 
tubes. The total resistance has been measured by using a bridge method, and referred 
to two standard instruments and two standard resistances (Fig. 3) at different tem- 
peratures. The resistance as a function of the temperature is plotted in Fig. 4. 

When a voltage measurement is being made the temperature of the oil is measured 
before and after passing the resistor. The difference between the two temperatures 
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Fig. 2. General view of the accelerator. 


s some tenths of one degree centigrade. The resistance is corrected for the change 


n temperature by means of the curve in Fig. 4. 

The accuracy of the resistance measurement is about 1.0 MQ (0.2 %) and the 
alibrated »A-meter is accurate to 0.5 uA. This gives a maximum error in the 
voltage measurement of 0.7 kV for 200 kV. 


4. The analyzer 


Since the voltage was not stabilized, and had a ripple which varied with the 
urrent, a 90° analyzer was used (Fig. 5 and 6) in order to get a well-defined 
nergy. It was built for a rather high resolution, because the intensity was expected 
o be sufficiently high. 
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Fig. 3. The bridge for measuring the voltmeter resistor. If the current in the amp.meter is I 
and the voltage over the voltmeter is V the balance condition is 


V-Rs1 V 
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The galvanometer could be reversed to correct for any thermoelectric potential differences in 
the connections to the standard resistors. 
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Fig. 4. The resistance of the voltmeter resistor versus temperature. 


The radius of the electron path in the magnet is 300 mm, and the electron beam 
is defined by a collimator consisting of two circular apertures of graphite. They 
have a separation of 80 mm and the diameters are 0.5 and 1.0 mm. In the plane 
where the image of the smaller aperture is formed, after the magnet, there is a hori- 
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Fig. 5. The analyzer and the measuring arrangement. The absorber disk in front of the monitor 
is not shown. 


| 
| 


zontal exit slit, 0.5 mm wide, which is also of graphite. The position of this slit is 
not very critical, since the distance between the holes defining the beam is so 
great. 

This geometrical arrangement gives a theoretical energy spread of 0.3%. 

With the radius of 300 mm the magnetic field necessary for 200 keV electrons is 
only 55 gauss. Although the magnet is made of iron of low remanence, the remanent 
field is quite noticeable in comparison with this weak field. To get a reproducible 
relationship between the energy and the current, when adjusting the current, it 
was necessary to follow a fixed scheme. The current was always increased from 
zero to the desired value. When the field was to be decreased, the current was first 
increased to 15 mA, then switched off and increased from zero again. This procedure 
was repeated several times if necessary to get reproducibility. 

If the magnetic field strength is assumed to be 


B=B,+kh:-1 


where 7 is the current, and B, is the field strength when the current is zero, the 
connection between the energy of the electron and the magnetizing current should 
have the form 

i=kVW(W+2Wy) — tp 


where k and 1, are constants, W is the kinetic energy and W, is the energy correspond- 
ing to the rest mass of the electron. In Fig. 7 the experimental values are plotted 
together with a curve calculated taking the values of the two constants which give 
the best fit. The curve shows that the equation assumed for the field strength is 


satisfactory. ! 
A constant current was supplied to the analyzer coil from a storage battery. 
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Fig. 6. The analyzer and the measuring arrangement. 


5. The electrostatic deflection 


To make the measurement independent of variations in the electron emission, or 
in the focusing, the electron beam was forced to oscillate between two counters, 
one of which was used as a monitor. The beam passed between two parallel vertical 
plates, to which convenient voltages could be given. One was coupled to a voltage 
which was adjusted so that the beam fell exactly midway between the two counters, 
and the other was given an alternating voltage from a specially built oscillator, 
giving a pure sinusoidal wave form. It had a frequency of about 185 p/s and its 
amplitude could be varied from 0 up to 2500 volts. The plates can be seen in Fig. 5. 

The beam passed through the electrostatic deflecting field just after the magnet 
and before it came to the horizontal exit slit of the analyzer. The apparatus was 
built in this way so that it would not be too long. It was important with this design 
that the field and the exit slit should be exactly parallel. When making this adjust- 
ment the intensity variation with electron energy was studied, and the deflecting 


plates were adjusted until this variation was the same for the two counters. An 
example of this adjustment is shown in Fig. 8. 
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Fig. 7. The magnetizing current versus electron energy. The points are experimental. For cal- 
culation of the curve, see text. 


6. The absorbers 


As absorbers aluminium foils of different thicknesses were used. A set of absorbers 
was mounted over holes cut near the rim of a brass disk of 4 mm thickness (Fig. 5). 
Disks with different sets of absorbers were used for the different energies studied. 
The absorber thicknesses were chosen to give suitable points on the curves. The 
diameter of the absorbers was 10 mm. The thicknesses were determined by weighing. 
The absorbers were in general built up by mounting several thinner foils together. 

Because the transmission variation was of the order of 10°, it was necessary to 


_ vary the sensitivity of the monitor. This was done with another, smaller, disk with 6 


different absorbers, mounted in front of the monitor. Three disks of this kind were 
used, each being suitable for a different range of energies. 

Both the disks could be turned by means of shafts passing through ground joints 
in the walls of the vacuum system. 

In front of the absorber disk a graphite screen was placed, provided with two 
holes of 6 mm diameter through which the beam passed to the absorbers. Behind 
this graphite screen was a shield of lead 2 mm thick to absorb any X-rays from the 
graphite screen, or from any other part of the analyzer. 


7. The counters 


After passing the absorber the electrons were counted in two cylindrical G. M- 
counters. These were made of brass and had glass ends (see Fig. 9), the gas filling 
being argon with 10% alcohol. The mica window and the glass plates in the ends were 
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Fig. 8. Adjustment of the electrostatic deflection plates. The counting rate in each counter is 
plotted versus electron energy. In a) the deflecting field is not parallel with the exit slit but in 
b) the plates are adjusted to parallelism. 


sealed to the brass tube with araldite. The same two counters (window thickness 
2.9 mg/cm? for each) were used during the whole investigation. 

The pulses were counted by two units, each of which consisted of a cathode fol- 
lower, a scale-of-64, and a mechanical recorder. 


8. Geometry 


The absorption curves were measured with two different geometrical arrange- 
ments, which are shown in Fig. 9. In geometry I the distance beween the absorber 
and the counter is 75 mm and in geometry II this distance is 3 mm. The diameter 
of the counter window is 15 mm. These figures mean solid angles of about 0.5 % 
and 65 % of 2 x. 

In geometry I, as can be seen in the figure, there was a graphite cylinder between 
the absorber and the counter, to prevent scattered electrons, which had not passed 


through the absorber, from being counted. The effect of this cylinder will be dis- 
cussed in more detail later. 


9, Measuring procedure 


When an absorption curve was to be measured, the magnet current of the analyzer 
was first adjusted to the proper value for the energy chosen. The constant deflec- 
tion voltage was then fixed so that the counting rate in the two counters varied 
quite symmetrically with the amplitude of the alternating deflection voltage. This 
meant that the deflection of the earth’s magnetic field was compensated, and that 
the beam fell exactly between the two holes in the graphite screen. The amplitude 
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Fig. 9. The two geometries. 


of the alternating voltage was then chosen so that the beam just crossed over each 
hole before it turned back. 

The resolving time of the counters was about 200 usec, but when correcting the 
counting rate for the resolving time, one had to take into account the fact that the 
beam did not fall on each counter more than during a part of the period, so that 
the true counting rate in the pulses was larger than the measured mean counting 
rate by a certain factor. This factor could be determined in two ways. One was to 
calculate it from a knowledge of the sweep amplitude and the geometry of the graphite 
screen. The other was to look at the pulses on an oscilloscope the sweep of which 
was synchronized to the oscillation frequency. It was then possible to determine 
the part of the period during which the pulses came. These two methods gave the 
same result. The correction for the resolving time was seldom more than | %, corre- 
sponding to a counting rate of about 500 c/min. The correction was of course applied, 
but as the beam intensity could vary during a measurement with one absorber it 
was better to avoid too high counting rates. 

When the transmission was such that the counting rate of the main counter was 
about one tenth of that of the monitor, the absorber in front of the monitor was 
changed, and the beam intensity increased. The change-over points were measured 


especially carefully. 
10. The resolution of the analyzer 


To examine the resolution of an analyzer one measures the counting rate, either 
as a function of the magnet current at constant energy, or as a function of the 
energy with the magnet current held constant. It was a little laborious to vary 
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Fig. 10. The resolution of the analyzer. The counting rate (normalized to the same height for both 
curves) is plotted against electron energy for a constant magnetizing current. The curves are for 
two different load currents from the high-voltage generator, 350 uA and 700 wA. 


the magnet current, for the scheme earlier described had to be followed, so the 
second method, with varying energy, was used. In Fig. 10 the counting rate is plotted 
against the voltage at a magnetic field corresponding to 175 keV. The beam intensity 
varied a little during the measurement, but it was verified that the variation was not 
excessive by measuring the counting rate first for increasing and then for decreasing 
voltage. Two curves are shown in the figure, corresponding to two different total 
currents from the high voltage source, 350 pA and 700 wA. At about 180 kV there is 
another peak in the two curves. At this voltage the first anode is at 175 kV, and 
the secondary electrons from it can pass the analyzer. 

From the diagram, the half-widths of the two curves are about 0.35 % and 0.45 %. 
A simple calculation of the ripple, with a 0.01 uF output condenser, gives for the 
total ripple 0.4% and 0.8% respectively. Thus the ripple cannot be responsible for 
the whole width of the curves, but the resolution of the analyzer must also have an 
appreciable influence. The energy band from the accelerator may also have been 
-broadened a little by collisions with gas molecules in the acceleration tube. ' 

The energy band which could pass the analyzer at this energy had thus a half- 
width of at the most 0.3%, and was probably smaller. 


11. Results 


Absorption curves were measured, with the two geometries, at 6 different energies: 
74.9, 99.7, 124.4, 149.0, 173.9 and 198.8 keV. In the figures they are marked 75, 
100, 125 and SO on. Fig. 11 shows these twelve curves. The transmission (propor- 
tional to the ratio between the counting rates in the main counter and the monitor) 
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Fig. 11. Absorption curves. The counting rate is plotted in a logarithmic scale versus absorber 

thickness. There are one or two more points on each curve far to the right outside the range of 

the figure which give the slope of the right-hand parts of the curves. The statistical errors can 

hardly be seen on this logarithmic scale. For most values they are smaller than the circles marking 
the point. 


has been plotted on a logarithmic scale against the absorber thickness. The window 
of 2.9 mg/cm? mica has been assumed to correspond to 2.9 mg/cm? Al, and has 
been included in the absorber thickness. The total variation in the intensity is seen 
to be of the order 108. 

The intersection of the curves for 74.9 and 99.7 keV, with geometry II, is due 
to the window thickness. The transmission has arbitrarily been put equal to 1 for 
all energies, when there is no absorber except the window. In geometry II the absorber 
is very near the window, so that it can be assumed that the window has the same 
effect as if it were situated in the absorber position. The curves could thus be 
extrapolated back to zero and the transmission put equal to 1 in that point. In 
that case the intersection would disappear, as can easily be seen in the figure. This 
has not been done however, for it would be quite meaningless to extrapolate the 
curves with geometry I, and it was considered to be an advantage that the curves 
should be directly comparable. 

The graphite cylinder in geometry I, which was mentioned earlier, was included 
to prevent scattered electrons from passing outside the graphite screen to the 
counters. Fig. 12 shows the effect of the cylinder. The upper three curves 
belong to the energy 99.7 keV and the lower curves to 198.8 keV, I and II mean 
geometry I and II, as before, and the curves III were measured with geometry I 
but with the graphite cylinder removed. The right parts of the curves are 
rather similar. There are, however, some more points to the right outside the 
range of the figure, the farthest at an absorber thickness of about ten times 
that marked R in the figure, and they show that curves I and II have a definite 
slope, the same for the same energy, but that this part of the curves IIT is horizontal. 
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Fig. 12. Absorption curves for 99.7 and 198.8 keV, with counting rate plotted on a logarithmic 
scale. I: geometry I; II: geometry II; III: geometry I with the graphite cylinder removed. 


It can be concluded that the horizontal part of curves III must be due to some 
radiation which had not passed the absorber. This might be X-rays, from the 
graphite screen for example, but as it could be reduced strongly by the cylinder it 
must have been scattered electrons which had passed outside the graphite screen. 

The number of the scattered electrons can be estimated from curve III. The 
ratio between the counting rate for zero absorber and the constant counting rate 
for a thick absorber is between 10° and 108. This is the ratio between the number 
of electrons that pass the hole in the graphite screen and the number of scattered 
electrons that enter the counter. About one sixth of the total number of electrons 
incident upon the screen pass the hole. Thus for about 10° incident electrons one 
scattered electron enters the counter without passing the absorber. 

There is still the question of whether any scattered electrons are counted when 
the cylinder is in position. Their number must be less than the counting rate for 
the thickest absorber used, i.e. at most of the order of one fifth of the counting 
rate at R in the figure. If there are any, they can have very little influence on the 
curves, 

The cylinder had another influence which must also be considered. As well as 
preventing electrons which had not passed the absorber from being counted, it at 
the same time reflected back some electrons, which were scattered by the absorber 
out of the counter solid angle, in such a direction that they could still reach the 
counter. This explains why curve I lies a little above curve III in the beginning, 
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although the difference grows smaller as the absorber thickness increases. Thus a 
curve, which follows curve III in the beginning and curve I in the end, would cor- 
respond best to the ideal geometry I. 

The curves in Fig. 11 have not been corrected for this effect, the magnitude of 
which can be seen in Fig. 12. It does not influence the general shape of the curves 
very much, and in particular it does not affect the ranges that can be determined 
from the curves. It is only when the absolute intensities in the two geometries shall 
be compared that this correction has any importance. 


12. Discussion 
a) The influence of the geometry 


The geometry dependence can be seen best in Fig. 12. If curve IT in either of the 
two diagrams is compared with the combination of I and III mentioned above, 
it is evident that their shapes are rather similar. There is, however, a great difference 
at the lowest absorber thicknesses, where complete diffusion has not yet been reached. 
In geometry I the whole beam can enter the counter when there is no absorber. 
When the absorber thickness is increased the intensity falls very fast at first, because 
the electrons in the originally parallel beam are scattered, so that after a certain 
absorber thickness the counter receives a portion of the beam corresponding approxi- 
mately to the solid angle subtended by its window. After that point (A in Fig. 12) 
the curves are almost parallel. They give the same range R (definition below). 

The intensity ratio between the counting rates in geometry I and geometry II 
can be seen from Fig. 12 to be about 60. For the solid angles the corresponding ratio 
is about 130. The difference is probably due to an insensitive region in the counter 
just inside the window. Such a region round the window edge with a depth of one 
or two mm would lower the solid angle in geometry II sufficiently to give the observed 
difference. In geometry I there may also be some scattering into the counter by 
the brass end plate in the same manner as by the graphite cylinder. 


b) Comparison with range-energy relations. 


Several relations between range and maximum energy for f-rays have been 
proposed with the object of making it possible to determine the upper limit of f- 
spectra by absorption measurements. They are either quite empirical or are based 
on theoretical considerations and fitted to experimental values. 

Some examples, valid in at least part of the energy range here considered, are: 


FLAMMERSFELD FE = 1.92 VR? + 0.22 R (MeV, g/cm?) (2) 
GLENDENIN R = 0.407- H'® (MeV, g/cm?) 0.15< #<0.8 (3) 
Lippy R= im - Els (keV, mg/cm?) E < 200 (4) 


GLENDENIN has also given a curve, covering a wide region of energy. Another such 
curve and a discussion of the different kinds of ranges is given by GLOCKER (5). 

Two of these relations have been plotted in Fig. 13. The difference between the 
curves has no significance, as the experimental material on f-rays in this region 
is not very large. For example FLAMMERSFELD uses the following points for nuclear 
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Fig. 13. Range-energy curves. 


radiation under 200 keV: Ag! and Ag? (93.5 and 88.4 keV, 11 and 9 mg/cm?) 
and Br® (47.2 keV, 2.7 + 0.3 mg/cm?). 

For determining the energy by a range measurement it is postulated that there is 
a certain quantity, for example the extrapolated range, that has a definite correla- 
tion with the mean range of electrons of a given energy. Only two kinds of ranges 
will be considered here. 

Generally the maximum range, or end point, is used. It is defined as that point on 
the absorption curve at which there are no longer any particles observed above the 
background, or in other words that point, where the logarithmic absorption curve 
takes on the constant slope of the X-ray absorption. This point is marked R in Fig. 12. 

For homogeneous electrons, e.g. internal conversion electrons, the plot should 
be linear in intensity, according to GLENDENIN, and the extrapolated range R, 
should be used. GLENDENIN says that this method is applicable to energies above 
aaa but that the plot is too curved at lower energies for an extrapolation to 

e done. 
‘ The absorption curves for geometry II are plotted with a linear intensity scale 
in Fig. 14. It can be seen that they are rather straight over a considerable range, 
except for the lowest energy, 74.9 keV, and thus they show that extrapolation is 
possible down to 100 keV, if sufficient intensity is available. 


Both kinds of ranges, maximum range from the logarithmic diagram (R) and 
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Fig. 14. Absorption curves for geometry II with linear scale for the counting rate. 


Table 1 

Energy Re R 
keV mg/cm? mg/cm? 

74.9 15 
99.7 13 23.5 

124.4 19.5 34 

149.0 25 43 

173.9 33 56 

198.8 41.5 69 


Re: extrapolated range from the linear plot. 
Rk: maximum range from the logarithmic plot. 


Re and R are determined to 0.5 mg/cm*. The maximum error in the energy is 0.7 keV. 


sxtrapolated range from the linear diagram (f,), are given in Table I. They are 
slotted in Fig. 13. 

The experimental points of SCHONLAND (1) in this energy interval are also plotted 
n Fig. 13. They are used as standard points for most range-energy relations. Schon- 
and measured the currents that were reflected from the absorber, absorbed in it, 
ind transmitted. From his diagram of the transmission as a function of the absorber 
hickness he determined the “practical range’ by a straight line extrapolation. 

It can be seen in the diagram (Fig. 13) that the measured A-:s fall well on the 
urves. This means to begin with that they agree with the results of Schonland. 
They also verify the assumption that R, for homogeneous electrons and F# for nuclear 
-rays (if the maximum energy of the f-rays is considered), are equal, in so far 
s the curves actually show the maximum range of f-rays. 

The measured maximum ranges are longer by a factor of about 1.7, and that 
hey are so much longer shows that such ranges must be measured very carefully. 
‘he maximum range is dependent on the ratio of the number of electrons of the 
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highest energies to the intensity of the X-ray background. For a f-spectrum this 
ratio must be dependent on the form of the spectrum. 

In this investigation the ratio was very high, and the measurements show that 
under such conditions the measured maximum ranges can be very long. 
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The intensity anomalies in the band-spectrum of CuH 
By Benet KLEMAN 


With 3 figures in the text 


The band-spectrum of CuH has been photographed when excited at low pressure 
in a hollow cathode discharge. Intensity anomalies of the same type as was found in 
the (0-0) band of 1X*—1X by ScHttLer and GoLiNow (1) are shown to be present in 
the bands belonging to the 1&* —!X and 14** —1¥ systems. The anomalous intensity 
distribution in the bands of 'X* —!> is interpreted as being due to a predissociation 
of 1X*, and the distribution in 1X** —1X as being due to accidental predissociations 
int)**, The non-appearance in the hollow cathode discharge of the bands originating 
from the 'II-states (of about equal energy with 1X* and 1%**) is also assumed to be 
due to predissociation. 


Introduction 


Various types of cooled hollow cathodes have been used to investigate the band- 
spectra of metal hydrides, especially by SCHULER and co-workers (2, 3, 4). The inten- 
sity distribution in a water-cooled hollow cathode is normally found to correspond 
to a Boltzmann distribution of 700—900° K, and in a liquid air-cooled one to some- 
what lower temperatures. In the (0-0) band (4280 A) of the 1X*—1E transition of 
CuH a curious intensity distribution was discovered by ScHULER and GoLLNow (1). 
The first or second line in each branch proved to be the most intense, and the intensity 
then rapidly diminished for the higher rotation lines. At very low pressures (1/100 
mm Hg) the intensity of the line P, was predominant in the band, while the intensity 
of higher members quickly disappeared with increasing rotation quantum-number. 

This anomalous intensity distribution the discoverers interpreted as being due to 
a special mechanism for the molecular formation in the hollow cathode whereby the 
molecule is formed in the zero-level of the ground state. Thus, according to them, on 
excitation only the lower levels of the upper state are populated and consequently 
the intensity is concentrated to the beginning of the band. HERzBERG and MuNDIE 
(5) later put forward an entirely different explanation. According to this, the in- 
tensity anomaly is due to a predissociation of the upper X-state. They suggested 
that this predissociation might be caused by a continuous *2+-term arising from the 
H and Cu atoms in the ground-states. The assumption of a *&+-term as the per- 
turbing term also explains the strength of the line P, at the lowest pressures, since 
this is the only line which does not predissociate according to the Kronig selection 
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rules. The same holds for the assumption of a perturbing 1II-term, but this leads to 
a value of the energy of dissociation which seems much too low. The changing ap- 
pearence of the band at higher pressures towards a more normal intensity distri- 
bution is explained by the pressure-effect of predissociation, assuming the radiation- 
less transition probability to be about as large as the probability for transitions with 
radiation. ee 

Hutrutn (6) presumed that the intensity anomaly was caused by a predissociation 
of the upper state into the continuum of the 1&-ground-state. 

REINEBECK (7), in 1946, made a more thorough experimental] investigation. Among 
her more important results may be mentioned her finding of the same anomalous 
intensity distribution in the (0-1) and (1-2) bands of a second electronic transition 
1y** 15, The deutride was also investigated, and here the intensity distribution 
was found to be normal. Reinebeck interpreted her results in favour of the Schiler 
theory of molecular formation, and in the light of some special experiments she 
discussed the ability of hydrogen to adhere to a copper surface, since this ability was 
assumed to be responsible for the special process of molecular formation. 

In his dissertation in 1948 Nixsson (8) made a new experimental investigation. 
He found no deviations from the normal intensity distribution in the CuH-related 
spectra of CuD, AgH and AuH. He judged the intensity in the (0-1) band of the 
1y*** —15) transition to be normally distributed. Both these results he finds contrary 
to the theory of Schiiler. The first, since the related molecules may be expected to 
be formed in the same way and thus to show the same type of anomalous intensity 
distribution. The second, since, if the intensity anomaly is due to the process of for- 
mation in the ground-state, it should turn up in the bands of every electronic transi- 
tion. Nilsson consequently supported the theory of a predissociation phenomenon. 


Discussion of the investigations by Reinebeck and Nilsson 


The conclusions and experimental results of Reinebeck and Nilsson will now be 
somewhat further discussed. 

The fact that CuD shows a normal intensity distribution is interpreted by Reine- 
beck to imply that the anomalous intensity of CuH can not be caused by predisso- 
ciation, since in that case the same type of anomaly should be present in the deutride. 
As is pointed out by Nilsson, the predissociation of the 2033—band in AIH (9) has no 
counterpart in the deutride. Especially when the predissociation is as weak as that 
presumed in CuH, it is not certain that it will turn up in the deutride in the same 
pressure-range. 

On the contrary, it is not in accordance with practical experience that such a 
physical interaction as that supposed by Schiiler and Reinebeck between copper and 
hydrogen should be so radically different in the case of copper and deuterium as to 
entail different mechanical processes of formation. 

Reinebeck and Nilsson are of different opinions concerning the intensity distribu- 

ae a the fe oo : the 14** —15) transition. An original photogram taken by 
BECK shows i 1 istributi i 

aay me a me type of anomalous intensity distribution as is present 

The intensity distribution in the (0-1) band of 1Z**—1¥ in the exposures of Nils- 
son 18 more doubtful. The intensity maximum of the P-branch seems to fall in the 
same place as it would do in a Boltzmann distribution normal for the bands from a 
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Fig. 1. The lower excited states of CuH. 


hollow cathode discharge. As has been pointed out by ScHiiLEr (10), however, it is 
necessary to take the whole branch into consideration in order to be sure that there 
is a normal intensity distribution, and not to judge too much from the first few lines. 
The later lines in the P-branch in the exposures of Nilsson seem to be too weak to 
correspond to a normal intensity distribution. In a normal Boltzmann distribution 
the lines up to P,;—P,, should be stronger than P,. 

The discrepancy in the appearance of the (0-1) band of 1£** —1X in the exposures 
of Nilsson and Reinebeck may be explained by their different experimental condi- 
tions. Nilsson uses a water-cooled hollow-cathode with helium of the rather high 
pressure 2 mm as carrier gas, while Reinebeck uses a liquid air-cooled cathode with 
argon. 

Reinebeck considers it unlikely that the same type of predissociation should occur 
in two different electronic states, and she regards her results as an important proof 
that the intensity anomaly is not caused by predissociation. It is not, however, im- 
probable that 1X** is predissociated by the same continuous term that predissociates 
1>*, There are several excited states in CuH of about the same energy (Fig. 1) which 
perturb each other strongly. The level v = 0 of 1X**, for instance, is perturbed by 
v = 2 of 1* and also by a 4II term. A predissociation of 12* and 1X** by the same 
continuous term is therefore not more improbable than a perturbation between 
1y* and 12**, This point will be discussed more thoroughly later in this paper when 
the present experimental results have been described. 


Experimental 


A water-cooled hollow cathode of the Schiiler—Gollnow type was used. As carrier 
cas helium, argon and neon were tried. With helium the hydride bands were weaker 
than with the other two gases, probably due to the less effective sputtering action 
of helium. The intensity anomaly seems also to be less pronounced, with helium as 
carrier gas. With argon it was necessary to replace the liquid air-cooled charcoal 
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5 10 15 20 oS 


ig. 3. Perturbation figures after Heimer. The parts of the curves which contain levels giving 
ise to lines which appear at the lowest pressures in the hollow-cathode discharge have been 
drawn with full lines. 


rap in the purifying circulation system with one cooled with dry ice. Because of this 
he exposures were not free from impurities. In the final exposures neon at a pressure 
f 1/100-5/100 mm Hg was used. 
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The voltage to the hollow cathode was supplied from a full-wave rectifier and was 
further smoothed out by a filter. The advantage of this arrangement as compared 
with the direct voltage from the line is that the voltage can easily be regulated to 
high values. When the discharge goes out the potential drop across the cathode in- 
creases greatly and consequently the ignition of the cathode is facilitated. This is of 
particular importance when low pressures are used. 

Hydrogen was supplied from a bulb and the amount let in was 10-30 % of the 
carrier gas. The exposures were made on Ilford Zenith plates. 

The spectrograph was a Zeiss glass spectrograph with three prisms. The spectrum 
was photographed from 3800 to 4700 A. The dispersion around 4000 A was about 
6 A/mm. On one of the strongest exposed plates the region between 3880-4250 A 
was measured in a comparator and the wave-numbers calculated. The lines of CuH 
were identified by means of the measurements given by HEIMER and Hemmer (11, 12, 
PS); 

& account of its mechanical construction it was not possible with this spectro- 
graph to reach the region 3500-3800 A, where the main 1II —15 bands are situated. 
The spectrum was therefore also photographed in a one-meter concave grating 
(dispersion 17 A/mm, resolution 36 000). Ilford thin-film half-tone plates were used 
and the exposure times varied up to eight hours. The other experimental conditions 
were the same as when the glass-spectrograph was used. The wave-numbers for the 
lines in the region 3480-3890 A were calculated. 


1y* — 1 


In this transition the bands (0-0), (1-0), (2-1), (2-0), and (3-1) can be identified 
on the plates. They all show the same type of intensity distribution with P, as the 
strongest line. In the weaker bands (2-1), (2-0), and (3-1) only the first 3-5 lines 
in each branch are to be seen. In the still weaker bands (3-2), (8-0), and (4-1) at 
least the line P, does seem to be present. It must, however, be said that the identifi- 
cation of a single line is rather uncertain on the strongly exposed plates. 

It may be concluded that the bands emerging from the four or five lowest vibra- 
tional levels in the excited state '* all show the same type of anomalous intensity 
distribution. 


1p ** Sas 1> 


The bands (0-0), (0-1), and (1-2) have been identified. The intensity courses in 
(0-0), and (0-1) are similar. The first lines in the P and R branches are strong but 
thereafter the intensity becomes weaker, and the lines R,-R,, and Pore are ex- 
tremely weak or completely missing. The lines Ryy-Ryp and P,,-P,, then turn up 
again with an intensity comparable to that of the first lines in the branches. The 
intensity then seems to drop again. 

In the (1-2) band only the lines emerging from the first four rotational levels have 
been found. It shows the same falling curve in respect of intensity as the 1)*—1 
bands with P, as the strongest line, 
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There are three known 'II-vibrational levels (1H*, 'I1**, and 111°** of Hemmer 
(13)) situated in the term-scheme between v = 2 and v = 4 of 15* (Fig. 1) which have 
not yet been satisfactorily related to electronic terms. No part of the five known bands 
emanating from these 'Il-terms has been identified with certainty on the hollow 
cathode exposures. A comparison between what is found of the 5 —1D bands on the 
present exposures and what has been registered by Heimer and Heimer in their 
exposures makes it probable that the 1II-bands are weaker in the hollow cathode 
than in the arc. 


Discussion 


The observed intensity anomalies will now be explained from the assumption of a 
predissociation phenomenon. 

We assume a low-lying continuous state, like the ?X+ supposed by Herzpera and 
Munpie (5), which goes beneath the level v = 0 of 1X*. If a predissociation occurs 
n the level v = 0, it may be expected to occur also in the vibrational levels of = 
lying nearest above it, in accordance with the observations. 

As regards the other excited states of about the same energy, there is a great 
shance of their also being predissociated. The same selection rules as for a perturba- 
tion hold for predissociation, but the selection rule J.J = 0 can always be fulfilled 
in the continuous range. If it is known that 1X* is predissociated by a state which 
according to the selection rules may also predissociate the other states, there is a 
somewhat greater chance of finding a predissociation in a given one of these states 
bhan of finding a perturbation between this state and 1*. 

From the analysis of the perturbations by Heimer (13) it is known that the two 
levels v = 0 and v = 1 of 1X:** are perturbed by 1X*. The level v = 0 of 1X** is also 
serturbed by a *II-state, probably a lower lying vibrational level of one of the directly 
ybserved II-states. 

There are therefore two predissociation-effects which may occur in 'X** and the 
[I-states. The whole vibrational levels may be predissociated as in 1X*, or there may 
ye an accidental predissociation in the regions of the perturbations. This latter effect 
s caused by the fact that in a perturbed region the eigen-functions of a state take on 
he properties of the perturbing state, and if this latter one is predissociated there 
will be a predissociation in the levels of the perturbation of the first state too. 

The observations of the bands containing the vibrational level v = 0 of 1** show 
hat the state 1X** is not predissociated in the same way as 'X*. Hence, since the 
trong interaction between 42* and 1X** is known from the analysis of the perturba- 
ions, it is to be expected that the accidental predissociation between ‘X* and 12** 
n the regions of the perturbations should be shown in a loss of intensity. This seems 
o be established by the vanishing of practically the whole level v = 1 of 12** and 
yf the last rotational levels in v = 0. 

The great reduction of intensity in the Il-perturbation in v = 0 of 42** can be 
xplained as an accidental predissociation if it is assumed that the H-levels are pre- 
lissociated. 

This assumption seems to be strengthened by the non-appearance of the II-bands 
n the hollow cathode discharge. It may be remarked that according to Heimer there 
s no visible reduction in intensity in the Il-perturbation when using an arc. 
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There is also another possible explanation of the intensity-reduction in the II- 
perturbation. The extreme excitation-conditions may favour a transition to the 1]T- 
state. In this case the missing intensity should be found in transitions from this 1I]- 
state. It has not been found in the region of the (0-0), and (0-1) bands of 1**, but 
it cannot be stated with certainty that it is not there till the perturbation has been 
more fully analysed. In his analysis Heimer has not given any ‘‘extra lines.” This 
latter explanation of the vanishing of the intensity seems, however, somewhat un- 
likely, since the known II-bands do not appear, and it is more probable that this also 
is a case of accidental predissociation. ' 

It is not possible on the basis of the existing experimental material to determine 
what state causes the predissociation, though the assumption of Herzberg and 
Mundie of a 3+ seems very plausible. 

The work on the intensity anomalies of CuH will be continued when a current in- 
vestigation of the spectrum of CuH from a King’s furnace at this Institute is finished. 
It is especially hoped that this investigation will give fuller information about the 
perturbations and the II-levels. 


My thanks are due to Professor Er1kK HuLTHEN and Docent Bener E. Nrtsson 
for placing at my disposal apparatus and experimental material used in earlier in- 
vestigations of the same problem, and for helpful discussions. 


Physical Institute, University of Stockholm, April 1952. 
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On the elastic constants of cubic ionic crystals 


By Stic O. Lunpevist 


The elastic constants c,, and c4, of cubic ionic crystals with ions having complete electron 
shells are investigated starting from the expression for the cohesive energy in the Heitler— 
London approximation. It is found that (cy, — cy.) is a function not only of the interionic dis- 
tance and the overlapping but also of the relative size of the ions. For crystals with positive 
and negative ions of about the same size the deviations from the Cauchy relations must be 
expected to be very small. A new method of calculating cy, and cq, is developed and numerical 
applications have been carried out for NaCl. 


In the classical theory of ionic crystals it was usually assumed that the ions 
have spherical symmetry and that the lattice energy can be expressed as a sum 
over the interaction energies between all pairs of ions in the lattice, the inter- 
action between a pair of ions depending only on the distance between the nu- 
clei. If this assumption were correct the three elastic constants ¢,,, Cy, and Cy, 
of a diatomic cubic lattice where each ion is a centre of symmetry would satisfy 
the Cauchy relation c,. = cy. Accurate measurements on a number of ionic crys- 
tals have shown, however, that the Cauchy relations are actually not valid. 
A treatment of the elastic constants based on a general potential has been 
given by G. H. Beapie and M. Born.! Later Lowprn? derived the expression 
for the cohesive energy in the Heitler—London approximation of an ionic crys- 
tal having complete electron shells and showed that because of the non-ortho- 
gonality of the atomic wave functions the interaction between the ions in the 
lattice is of a rather complicated many-body character.? He also computed the 
elastic constants of several alkali halides taking the non-orthogonality terms corre- 
sponding to many-body forces into account. The calculated values agree rather 
well with the empirical results; the deviations from the Cauchy relations have 
the correct sign but are too large. A comparison between the theoretical and 


1G. H. Becsrn, M. Born, Proc. Roy. Soc., 188, 179 (1947). 

2 Pp. O. Lowp1n, Thesis, Uppsala 1948. Cf. also Arkiv f. mat. astr. o. fysik, 35 A, N:o 30, 
J. Chem. Phys., 18, 365, (1950). 

° Approximate expressions for the cohesive energy of ionic crystals, containing non-ortho- 
gonality terms formally corresponding to a many-body potential have earlier been derived by 
E. A. Hytizraas. Z. f. Phys., 63, 771 (1930) and R. Lanpsnorr, Z. f. Phys., 102, 201 
(1936) but the importance of these terms for the elastic properties was not discussed by these 


authors. 
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; Cgc Ch ab, es 
the empirical values of the quantity TOR for some alkali halides is given 
2 \v44 12 
in the following table. 


Table of 2 (C4 — Crz) (Cag + C2) 
i SSR 2d Si a 


Theoretical Experimental 
yaa | value | value 
i ee el ee ee ee 
IDO G2. ciph eee oeanaotn pica cok 0.41 0.32 
10) lot aoa caoeoia bibions Caco Goin 0.29 — 
EO ceamacdg@ocCICOCU ete! Dor 0.43 0.29 
LCi eons eto dance Swe OaoL be 0.45 0.11 


The discrepancy between the theoretical and empirical values seems to be 
more pronounced as the positive ion increases in size. Supplementing Léwdin’s 
discussion this paper presents some further considerations of the elastic constants 
as regards the deviations from the Cauchy relations. A new method of calcu- 
lating the contributions to c,. and cy, from the terms corresponding to many- 
body forces will be described. 

The elastic contants cj; at absolute zero are defined by the formula 


ee 7s) 1 
a Vo 0 x; 62; aj=2j=0" ( 
Here V, is the molar volume of the crystal under no stress, Eon is the cohe- 
sive energy per mole of the strained crystal, and aj, a; (7,7 =1....6) are the 


components of the strain. 

Lowdin’s expression for the cohesive energy of an ionic solid with ions having 
complete electron shells can, after some elementary transformations and summa- 
tions over the spin coordinates, be written! 


Econ — E, + E, + E, + E, (2) 
oo e ‘o) EGEq Wg: (76 G") Wg (Te a’) 

EB, = yoy {ieee + eg eee) 5 7, cee) _ 94g a0')o (2a) 
RE (9) oF 

2=—e > 2 (99'9'9) he 
: (9) y, 

By = 22D > > pooeor(o' Ga) + (6'a" aw + (0'9"0"9)} (20) 

E, = ed > > >, Poo Poo {2 (9’ 9’ 99’) ney (9'’ 9’ 9’ 9). (2 d) 


The symbols used here have the following meaning. Z¢ is the atomic number 
of the nucleus at a certain lattice point G, eg denotes the valency of the ion 


1 Cf. 8. O. Lunpqvist-P. O. Fréman, Arkiv f. fysik, 2, 431 (1950). 
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at the lattice point G, and e is the electron charge. The index g = (G, “) refers 
(0 a certain electron orbital with the quantum numbers (n, 1, m) of an ion 
at a certain lattice point G. > means a summation over all electron orbitals 


and lattice points and may ess written Das De where the suffix G indicates 
(g’) 
4 summation over orbitals associated faith ae ion at the lattice point G. % 


means a summation over all orbitals except those associated with the ion ait 
the lattice point G’. We will introduce the further convention > /(G@) = > f(G@) 
g G 


The bracket symbols are defined by 
| A Se 0 * f 
(9 G’g’’) -|vi UU aeons 
Sl SL Bae HM 1 
(g9'9"'9 =f [viener ) po" 3 cree SrA (71) or (T2)dr dry 


Guay - | ie ey ea | Pie Da ey 


ln re| 


y,(r) are the one-electron wave functions for the free ions and have the well 
cnown form 


prin(r) = “Os, (0,9) 


Sim(#,p) are the normalized spherical harmonics. 


d,(r) is defined by 
Wy, (r) = 2{ [Aeaz—r| 2a l 


The quantities pz are the elements of a matrix p given by 


p(it+s)=s (3) 
vhere s is the Hermitian matrix formed by the overlap integrals 
vo =| Ya (r) r) Po (r) dr — Oya". (4) 


m the expression (2), #, and H#, correspond to a many-body potential of a 
ather complicated form. Therefore Léwdin introduced certain approximations 
nto his calculations. The overlap integrals s,,- associated with ionic crystals are 
n general rather small quantities and under certain conditions! it is possible to 
xpand the matrix p in the series 


Page a eer Seat So (5) 


1 Lundqvist-Fréman, I. c. p. 434. 
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Neglecting terms of third and higher orders in the sgq’, LOwpIN uated an 
approximate expression for H, and &,, which in our notation reads 


(9) 


@ 4s ape ae 
E, = 2 SS sa} S [eer(o' @”9) + (99 9)o] + (9° 9°9 a} = 
eh eh he 


(9) Eq Wg (rec) : , 
BE) Ely T ge — eg ————__ + bes (2¢’) 
be 2 2 (s helen ng 2rea (99 9) 
(9) a : 
BE, = —@> > 890'Saa-(99 gg’). (2d’) 
g g’ 


Here (s?),, means the gg-element of the matrix s*. _ ; a 
In this paper we shall use the approximate expressions (2¢’) and (2d’) in- 

stead of (2c) and (2d) and we will show that even this first approximation 

will give results for the deviations from the Cauchy relations that are at least 

qualitatively in agreement with the empirical results. For our purpose it 1s con- 

venient to divide the various interaction terms in #,,., into three distinct parts: 
1. The electrostatic part of H, (2a) 


e2 (@) ¢ ene 
Felstat = 7 > G°G (6) 


The contribution from this term to cy. and c,, for a crystal of the NaCl-type 
is given by the expression 


elstat __ 
12 ac} 


c 0.2318. (7) 


2 92 

,elstat __ 3 eve 
C44 = =o 4 
0 


~ 


Here ¢ =|ec|, and ay is the interionic distance in the unstrained lattice. 

2. All other parts of Hoon the terms of which are functions only of the dis- 
tance between two neighbouring lattice points, that is: #,, E, (2d’) the last 
three terms in #, and part of FE, (2c’). The interaction between nearest unlike 
neighbours in a lattice of the NaCl-type will give no contributions to ¢,, and 
C44, and the interaction between neighbours of higher orders will give the same 
contribution to ¢,. and cy. As we are mainly interested in the deviations from 
the Cauchy relations we do not need to take these terms into account in the 
following. f 

3. That part of EH; which corresponds to a many-body potential. We shall 
introduce the notation H* for this part. 


(9) (9 9’) 


x Bet > > Ds 899° (ea (9 A’ g) + (99 g)w} — 


— 28D S (8he {oe — eq, Melee) + (g “dol (8) 


req 2ra@ 


1 Léwdin, l.c. p. 38. 
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We will now introduce some further approximations. The quantities (g’g’’9)., 
we as a rule very small and will therefore be neglected. Similarly the last two 
erms on the second line are small but not definitely negligible. Their contribu- 
jons to ¢. and cy, are probably small and we shall neglect these terms in 
der to simplify our discussion. Neglecting these terms altogether we are left 
vith the following simple expression for E*! 


(9g) ((G G’) 4 eq | 
St oe 22> > » Sg Ear (9 G’’g) —(8*)gg (p (9) 
op TE NE Taq 


The problem of calculating the contribution from E* to the elastic constants 
12 and c,, of a cubic lattice is essentially a problem of finding a suitable ap- 
yroximation for the first sum in (9). This will necessarily involve certain series 
xpansions, the terms of which must be evaluated by numerical methods; so 
he results will be restricted to those crystals for which the computations have 
yeen performed. Therefore we have chosen first to consider two idealized lim- 
ting cases, where certain results can be obtained without numerical work. In 
he first case we consider crystals having very small positive ions, in the second 
ase crystals where the positive and negative ions are assumed to be of the 
ame size. 


Crystals with very small positive ions 


We shall assume that the amplitudes of the radial wave functions fn: (7) as- 
ociated with the positive ion are large only in the closest neighbourhood of 
he nucleus and vanishingly small for r= R, where R is small compared with 
he interionic distance a. Only overlap effects between nearest neighbours will 


G 
ye considered. Since the sum > (s?),, will have the same value for both kinds 
g 


f ions the second sum in (9) will be identically zero for crystals where each 
on is a centre of symmetry. Using the symmetry in g and g’ and summing 
ver all lattice points G belonging to the positive ions we get 


G(—)(G) (G G’) 


Bt=4LO YY Y syotor(o' G9) (10) 


vyhere g now runs over the orbitals of a certain positive ion with the nucleus 
t the lattice point G and g’ over the orbitals of its nearest negative neigh- 
ours G’. L denotes the Avogadro number. According to our assumptions, we 
an get a simple approximate expression for the integral (g’G’’g) by replacing 
he denominator |r—rg-| by ree 


Sq 
(Gg) g'g9 
’e@" 


1 Note that (9) is simply an approximate expression for the first sum in (2c) and is ob- 
ained from this sum by replacing p,,, and p,, by 894, and — (8")o9 respectively and putting 


1 
fg 
TGGq 
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and 


Q 


() @ (GE) gy, 
B® =4LE YY syor80r0 (1) 
fu 


Gt TG G” 


Q 


Following Léwdin we shall introduce the notation 


iV PEt ie 
pe ag pee. 12 


From (11) and (12) we can derive the expressions for Cig and ci for a crystal 
of NaCl-type, which will be a first approximation of Lowdin’s formulae 


2 dF 
phy (0.218 7 + 0.12954 s) (13a) 
ao 'a Jo 
2 
tee a 0.2318 (F) (13b) 
0 
zest Gees 188 dF 
Cio ae C44 = C12 fac C44 ez =" 0.1295 (=), (13 ec) 
0 


GIG! 
P= 2> > 859-85: a= TG Gt. 
9 7 


For interionic distances and overlap integrals of ordinary magnitude the de- 
viations from the Cauchy relations will be considerable. 

As has been pointed out by Léwdin, the neglect of overlap effects between 
nearest negative neighbours might not be justified for crystals where the posi- 
tive ion is small. If the overlapping between nearest negative neighbours is 
taken into account we have to add to (11) the expression 


. G (-G) (GG poh een | 
B= 2Le »Y » {seo-e0-(g G9) = 899°8g-q —— 
0 aa G” TE s 


Here g runs over the orbitals of a certain negative ion and g’ over the orbitals 
of its nearest negative neighbours. We define a new quantity F’ by 


i (=) G (-) @’ 
F aeF 2 > Sg 9'Sg'aq; G =F GQ’. 


g g’ 


Wald : Sq’ hare F 5 
As (9'G'’g) is of the order —*%, #*’ is the difference between two expressions 


'G qr 
of the second order in s,,, and we might expect the contributions to Cia Cae 
to be small — at least, as long as the ratio F’/F is small. 


Crystals with positive and negative ions of the same size 


We shall investigate this case under the idealized assumption that the struc- 
ture of the outer electron shells is the same for both kinds of ions and that 
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he radial wave functions /,:(r) for corresponding orbitals of the two kinds of 
ons are the same. The overlap effects associated with the inner shells are of 
econdary importance and will be neglected. To make a simple treatment pos- 
ible we shall regard the positive and negative ions as completely identical ex- 
sept for their nuclear charges. It is immaterial for our result wether we use 
he expression (9) or the first sum in (2c), of which (9) is a first approxima- 
jon, so in this section we put H* = the first sum in (2c). 

We consider now a large crystal under a homogenous strain, a crystal where 
ach ion is a centre of symmetry. Introducing the abbreviation 


Boga = Doo (g' Gg) 
ve get 
5 (G) 


(G) 
EF = 22D > 20” Broa” = pape (€q" By ga + 66" Baz a} (14) 
‘ g a 


vhere the summations are to be performed over quantities both with and with- 
jut ~. 

Let g and g’ refer to two ions at the mutual distance reg = R and G” to 
» certain lattice point determined by its coordinates relative G and G’. Also, 
et g and g’ refer to two ions of opposite sign to g and g’ respectively, at the 
ame mutual distance req = R; and G” to a certain lattice point with the same 
oordinates relative G and G’ as G” relative G and G’. We now make use of 
ur assumption, and let g and g, g’ and g’ denote corresponding orbitals of the 
wo kinds of ions, so that 


Bg gi gn =F Bre. 
furthermore, since g and g’ refer to ions of opposite signs, we obtain the ad- 
litional relation eg = — eg which leads to 
(@) 
E* = e »S » - (Eg ad EG”) Bog G == ((). (15) 
Dy Oe y 


This result holds in the homogeneously strained as well as in the unstrained 
tate. We note that overlap effects between neighbours of arbitrary orders are 
neluded, and that in the simple case where only overlapping between nearest 
mlike neighbours is taken into account the result (15) will still hold. From 
15), (12) and our arguments on pp. 28 and 29 we get the following result for 
he elastic constants c,, and ¢c,, of a cubic crystal where each ion is a centre 
f symmetry 

Cig = Caa (16) 


The results obtained by studying these two limiting cases can be summarized 
s follows: We consider a large crystal of cubic structure, keep the interionic 
istance and the overlap integrals fixed and vary the relative size of the ions. 
leglecting the overlapping between neighbours of orders higher than the first 
re might expect the deviations from the Cauchy relations to be comparatively 
irge as long as the positive ion is comparatively small, but that a succesive 


31 


5. 0. LUNDQVIST, On the elastic constants of cubic ionic crystals 


decrease in E*, clz and cy will occur as we gradually increase the size of the 
positive ion. The same will probably apply if in (9) we replace So9° and —(s*)o F 
by poo and py, respectively. The fact that the energy expression contams a 
terms which in this way depends on the size of the positive lons, 1s rather 
satisfactory as the empirical results indicate that such a dependence actually 
exists. For LiF and MgO, where the positive ions are very small the values 
of Cyy/C. are 1.4 and 1.8 respectively. On the other hand for a number of crys- 
tals where the radial wave functions of the positive ions have an extension 
comparable with those of the negative ions, the values of C4, and Cp are roughly 
equal (e.g. KCl, KBr, KI, RbCl, CsBr). Because of the variations in the inter- 
ionic distance and the overlapping for real crystals, we cannot draw any de- 
cisive conclusions about the variations in the deviations from the Cauchy rela- 
tions for different crystals, but anyhow we must expect the deviations to be 
small for crystals where the ions are of about the same size. 

In a note on the deviations from Cauchy relations in NaCl- and CsCl-type 
crystals!, E. Burstein, P. L. Smith and D. L. Arenberg say that the overlapping 
is larger in LiF and MgO than in other crystals where the ratio ¢44/c,. is smaller 
and that these large overlap effects would be responsible for the large devia- 
tions from the Cauchy relations for these crystals. We wish to point out that 
the overlapping (measured e.g. by the quantity F (14)) seems to increase with 
increasing size of the positive ion, and is in fact smaller in LiF than in NaF 
and KF. The same thing is also true for the alkali chlorides.? 

From this preliminary investigation it seems rather clear that the elastic con- 
stants c,, and c,, in this approximation must be a function of the relative size 
of the positive and negative ion as well as of the overlapping and the inter- 
ionic distance. Léwdin’s method of expanding the denominator in (g’G’’g) in 
spherical harmonics with the origin at the lattice point of a positive ion is very 
useful when applied to crystals where the positive ion is comparatively small, 
but for crystals containing heavier positive ions a decrease in E*. cp and ci 
must be entirely due to the higher terms in the expansion, which would make 
an accurate calculation of these quantities rather unwieldy. In the following 
part of this paper it will be shown how the calculations can be performed 
taking the relative size of the ions into account in a more direct way. Only 
overlap effects between nearest unlike neighbours will be considered. 


Calculation of the non-orthogonality term E* 


The integral (g'G@’’g) is given by 
Alas * i 
(Ga) = f vi) — (rar. (17) 


lr—re 


In the case where this integral depends on the relative positions of three dis- 
tinct lattice points G, G’ and G’’, it can only be evaluated in terms of cer- 
tain series expansions, unless the atomic wave functions are of a very simple 


1 Phys. Rev., 87, 314 (1951). 
* P. O. Léwnrn: Thesis, 1. c. pp. 77-93. 
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orm.’ Instead of expanding the denominator in (17) in spherical harmonics with 
he origin at a lattice point we intend to make a corresponding expansion with 
he origin at the geometrical centre of mass &,,- of the quantity 


yee) = vo-(r) yo (r) dr. 


Before proceeding further we shall introduce certain approximations which 
re by no means essential for this method but which are introduced only in 
rder to simplify the calculation. Following Léwdin, we shall assume that the 
adial wave functions /,1(r) associated with the positive ions satisfy the condition 


fni(r) = 0 T>Taq@. 


This condition is in actual fact only approximately fulfilled, but the contribu- 
ion to the integrals from the region r > req will in most applications be small 
ompared with that from the region r<yr¢q. We shall further assume that the 
unction y,-(r)y (r) vanishes outside a sphere with its centre at the geomet- 
ical centre of mass &,, and radius Reg, where R:g denotes the distance be- 
ween &,, and the nearest of the lattice points G’’. According to these assump- 
ions we can omit the limits of integration in the following and make a simple 
ransformation of our integrals to a coordinate system with the lattice point 
f the positive ion at the origin. 
The geometrical centre of mass is given by 


89-900" = | vor(r) Yo(r)rdr. (18) 


‘nce the elements sy, (and also pgg-) vanish unless g and g’ refer to orbitals 
vith the same magnetic quantum number m, we need only calculate (g'G’’g) 
n the case where the function y,(r)y (r) has rotational symmetry with re- 
pect to the axis req. 

We now introduce a system of spherical coordinates (r, 3, y) with the origin 
t+ &,,- and the polar axis along the vector r¢q. Putting the well known ex- 
ansion 


th Ag yt 
1 
lree. 


Sim(8,Q) Sim (Per, Par), 1<Teer 


| 
Ms 
A iM 
> 
bo 
> 
aa 


here @q- and gg are the angle coordinates of the lattice point G’’, into (17) 
ve get, after some simplifications 


2° P, (cos Be 
CHO SS SRE ae (19) 
h=0 Te qv 


yhere 
lee = {ve (r) wo (r)r” Pr (cosd)dr 


nd P;,(cos#) are the Legendre polynomials. 


* In the special case where y,(r) and ¥,,(r) are ls hydrogen-like functions with the same 


sreening constant, the integration can be carried out in terms of elliptical coordinates. 
Cf. A. Scuucnowsky, Acta Physicochimica U.S.S.R., 1, 901 (1934); G. Gorpanss, Z. f. Phys., 
§, 542 (1935). 
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Transforming the integrals In,9'¢ to another system of spherical coordinates 
(r’, 3’, y’) with the origin at G, the lattice point of the positive ion, we get the 
following results for h = 0, 1, 2. 


To,9°9 = So'9 
ore = 0 (20) 


To,9°9 = T3.9°9 — Sg'g E59" 
where 
Tho = [ vo(r') po (r')1’? P; (cos 0) dr’. 


Introducing the abbreviations 


Frigo = 8g0'Ln,o'9 (21) 
and ; 
(4G) eg, P, (cos Bg 
Aube eS ech oe (22) 
G Teqv . 
we get the following expression for H*. 
(g) @ 
i= 2 Dd An (f00:) Frigo (23) 


We now consider a large crystal of NaCl-type under no stress. In a system 
of Cartesian coordinates with its axes parallel to the edges of the cube, two 
arbitrary lattice points will have the relative coordinates (1; dp, l2 a9, 13 49), where 
the possible values of 1,,/,,/, are all integers between —co and + co. Similarly, 
the vector rsg has the components ((l, — 799°) dp; loa, 1349), provided rg q@ = 
= (a, 0,0). The new quantity 7° appearing here is defined by 


Egg = Noa Ga. (24) 


The lattice sums A, can now be written 


An (1) = ais" qa Pa (pa), 08 
ay? AT, {(l, —)? + B+ By : {(l, —n)? + & + &}? E ( ) 


>” means that the points (0,0,0) and (1,0,0) are to be omitted. In order to 
treat the lattice sums An(y), we shall introduce the notations 


mr 1 
Bain) > > (aie : (26) 
e {(l, —)? + B+ By? 


Sy (1) ted lye as (h—n +h +s 
{(,—n +B + B} 


2 
Pr (n) = pe Rag aoe h = (28) 
ie {(1, — 9)? + & + Bs}? 


(27) 


ly 


a 
2 


~ 
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In most applications it ought to be sufficient to take only the first two non- 
vanishing terms in (23) into account. For h =0 and h =2 we get 


(29) 
E 
A,(n) = x (S3” (4) — 37; (7)). 


We note that for sufficiently small ions our expression (23) becomes equiv- 
alent to (11), and from the simple symmetry properties of the lattice sums A, 
we can easily see that every term in our expansion of H* will be identically 
zero if the positive and negative ions are supposed to be identical, so this 
method will obviously give results in complete agreement with those we have 
tlready obtained. 


The elastic constants c,, and c,, 
The elastic constants c,, and cy, are in our approximation given by 


* 
Qa Onn’ Cy2 
(30) 


— ,elstat iS 
C44 = C44 = C44. 


We shall now derive the expressions for cjz and cas. 

Tf (1, ; lz, 13 4%) are the relative coordinates of the two lattice points G and 
7’ and (da), 0, 0,) are the relative coordinates of G and G’ in the unstrained 
lattice, the distance reg in the strained lattice will be given by 


tear = Ay {(y — Noo)? (1 + 22,) + G(1 + 22.) + B(1 + 245) + 
(31) 
+ Zo le ta =- 21, (1, — Nag!) X5 + 2 (1, — 1g 9°) lp Xe} *. 


Because of the symmetry in the indices g and g’, our formula (23) can be 
written 


‘ > An (No 9’) Peg (32) 


Hach positive ion has six nearest negative neighbours but the lattice symmetry 
duces the number of possibilities to three, namely when the relative coordi- 
vates of G and G’ in the undeformed lattice are 


(1) (ta, 9, 9) 
(2) ( 0, Ss A; 0) 
(3) (my Oa, ©0,. 4 ap). 


Performing the summation over the six neighbouring lattice points G’ of a cer- 
ain positive ion G and then over all lattice points G, we get 
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E* = sLe> 3 > {A (noo) Fao’ + AY (noo) Fag’ + A (Yoo) Fivaa'} (33) 
g 


g’' h=0 


where the figures (1), (2), and (3) imply that we have to substitute the corre- 
sponding expressions for rea, Tee”, and cos #@@ in A; () and Fp.gg. It is con- 
venient to introduce the abbreviation 


I',(y) = A® (n) + AP (n) + AP (7). 


From (34) and (12) we get the following formulae for Cig and Cas 


+ aPneon tte | (eee oe | ee } (34a) 
Cia = +> > Face oe Mee. (34b) 
ne eZ (Pae) E46) a (45 


denote certain lattice sums. For the sake of brevity we give the results only 


for h = 0. 
el ) 3E ¢ c@ __ a4) 
(Fa3) = 5% (59 on) — 88) 


(ee wa a (2s “a aks 


pa el gear oe alee yer 
oul, 3 0 4 


For numerical applications of our formulae (23) and (34 a, b), we must know 
the values of the lattice sums for a number of values of the parameter 7. We 
have calculated the sums for h=0 and h = 2, using the rapidly convergent 
method developed by EvsEen!. We note that for h = 0, 2, 4... the lattice sums 
An(y) and their derivatives with respect to the components of the strain ap- 
pearing in (34) satisfy the relations : 


An(1—n)=—An(q), 0S<1; An(}) =0. (36) 


We have performed the calculation for 7 = 0, 0.1, 0.2, 0.3, 0.4, the values for 


n= 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 are obtained from (36). The final results are given 
in the following table.? 


1 H. M. Evsen, Phys. Rev., 39, 675 (1982). 


. As the summations have been performed over a cube whose side is only three times the 
lattice parameter, not more than the first two figures given in the table are reliable. 
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n= 0.0 0.1 0.2 0.3 0.4 
a 
— 4, (n) — 0.748 — 0.636 — 0.503 — 0.348 — 0.178 
ao : 
ae) + 1.000 + 1.159 + 1.065 + 0.800 + 0.424 
elt 
v0 (Zou (n) + 2.086 + 1.969 + 1.642 + 1,166 + 0.600 
0 Ao 
(2 + 0.583 + 0.560 + 0.468 + 0.338 46.177 
€ Ox 0 
| cub 
20(2 (n ain) + 2.086 + 1.969 + 1.642 + 1.166 + 0.600 
€ Ox? 0 
3 
5(el. 
2 ( 2 (1) 0.000 + 0.560 1.516 2.079 1.461 
€ Ov, Oxy } 9 
3 (1) 
OA 
0 (24m) — 2.974 — 2.724 — 2.279 E76 — 0.794 
E 0 25 0 
3 
coal 
lees () — 11.900 — 10.595 — 7.601 — 4,224 = 1713 
éE Ox? 0 


Application to sodium chloride 


The quantities Pn.go, Nog and their derivatives can be calculated using well 
known methods. We have computed E*, cjz and cy for NaCl according to our 
formulae (23) and (35 a, b) veglecune the contributions from the terms for 
which h=3. Fagg and 7, were calculated for NaCl from Lownp1n’s numerical 
tables. The values of the lattice sums were obtained from the table by inter- 
polation. The convergency of our series expansion in f seems quite good, the 
contribution from the term h = 2 was only a few per cent of the total. The 
results of our calculation are given below. 


E* kcal/mol 
Ap au. | Cale. | Léwdin 
5.20 | — 6.7 | — 10.9 
* Note that (2) = (ee) 5 
Ox, Jo Ox, Jo 


1 The contribution from the overlapping between the 2p orbitals of Na* and the 3s orbit- 
als of Cl- could not be calculated because the quantities necessary to compute 7 and fF’, 
were not tabulated. By putting 7=0 we have estimated the values — 0.4, — 0.028 and +0006 
as an upper limit for the contributions to E*, ois and Cis respectively. 
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1011 dyne/cm? 
ee —____ 
| Cale. | Loéwdin | Emp. 


——_—<—<— $< 


Py cpoaon.od + 0.116 + 0.126 = 
Claas — 0.367 — 0.417 = 
Cyg— Cis eee + 0.483 + 0.543 + 0.341 


Adding the contribution from the electrostatic part, given by (7), we finally get 


104 dyne/cm? 
Pe (0 er ee 


Cale. | Léwdin | Emp.’ 
Cha ueein einer: 1.515 1.525 | 1.327 
Cia: sere 1.032 0.982 0.986 


0.38 | 0.43 | 0.29 


The calculated values agree very closely with Léwdin’s results; the improve- 
ment in the value of (cy, —C,2) is too small to be of significance. The agreement 
between the calculated and the observed deviation from the Cauchy relation 
must be considered as rather satisfactory in view of the various approximations 
introduced. We have neglected the contributions from all higher order effects 
in the cohesive energy, e.g. the zero point oscillations and the effects depending 
on the mutual deformations of the ions in the lattice and instead of calculating 
the elastic constants from (2) we have used an expression correct only to the 
second order in the overlap integrals and have taken only the overlapping be- 
tween nearest unlike neighbours into account. For KCl, however, the table of 
2 (Cay — Cy2) (Cag + Cyg)”* given on p. 26 shows a large discrepancy between the ob- 
served value and the theoretical value calculated by Léwdin. We intended to cal- 
culate ¢,. and ¢, for KCl according to our method, but certain of the quan- 
tities 1 and F, necessary for the computation could not be calculated from 
Léwdin’s tables. The neglect of the higher terms in the overlap integrals is not 
justified to the same extent for KCl as for NaCl and it is possible that these 
terms as well as the other higher order effects mentioned above must be taken, 


aan consideration in order to get a better agreement with the experimental 
results. 


I wish to express my gratitude to Professor I. WALLER for suggesting this 
investigation and for many valuable discussions on these’ matters. I am also 
indebted to Fil. mag. G. Hacevan for helpful assistance with the numerical 


calculation. 
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Communicated 14 November 1951 by G. p— Hrvesy and Erik Huurstn 


Directional correlation measurements on successive nuclear 
gamma rays in Hf!” 


By T. WrEDLING 


With 7 figures in the text 


1. Introduction 


In his now classical work on the use of the coincidence method in the investigation 
of disintegration schemes of radioactive nucleus, DuNworTH (1) mentioned that 
there might be an angular correlation between two y-quanta successively emitted 
from two excited states in a nucleus. A theoretical treatment of the problem was 
first made by Hamitton (2) who performed a quantum-mechanical investigation 
of the case when the radiation emitted was pure, i.e. there was no mixture of magnetic 
and electric radiation. Further he made the assumption that the intermediate excited 
level of the nucleus had a short lifetime compared to the time required for the nuclear 
spin to precess. YANG (3) extended the calculations to the more general case when 
the latter assumption was not valid. The theory of angular correlation in a form 
applicable to the successive emission of any nuclear radiation was given by FALKOFF 
and UHLENBECK (4). Frerz (5) gave general equations for y-y-angular correlations. 
Correlation functions were given by Line and FaLKorr (6) when one of the gamma 
rays was a mixture of magnetic dipole and electric quadrupole radiation and the 
other either a pure dipole or a pure quadrupole. This problem is discussed by Luoyp 

7), too. 
! The effect of the extra-nuclear electrons on the angular correlation was calculated 
by GoERTZEL (8) who also discussed the effect of an external magnetic field. This 
last effect has also been discussed by Spiers (9) who has as well published theoretical 
investigations on directional effects at low temperatures. BIEDENHARN et al. (10) 
have presented a theory of angular correlation in triple cascade transitions. 

Luoyp (11) and Fatkorr (12) have given tables for higher multipole-gamma- 
correlations. Furthermore Luoyp (13) has made theoretical investigations of delayed 
coincidence angular correlations. 

The experimental investigations hitherto performed are, with two exceptions, 
made on nuclei of the even-even type, where it is supposed that the ground state 
of the nucleus has zero spin. The exceptions are Cu® (14) and Cd!" (15, 16, 17, 18) 
with the ground state spins 3/2 and 1/2 respectively. 

FRAUENFELDER et al. (17, 18) have shown the effect of the external electron- 
configuration on angular correlation. 
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Fig. 1. Disintegration scheme of Lu’’? proposed by Douctas (20). 


2. Statement of problem 


The present gamma-gamma-angular correlation measurements are performed on 
Hf!77, 

Lu!?7, which has a halflife (19) of 6.94, has the decay scheme (20) given in Fig. 1. 
BunyaN et al. (21) have searched for a metastable state in the interval 3 - 10-’—10> 
seconds but with negative results. 

RasMUSSEN (22) has made spectroscopic fine structure measurements and has 
reported a ground state spin of <3/2 in Hf?177. 

Lioyp (23) and Racau (24) have given the general y-y-angular correlation function 
in the form of a Legendre series 


W(@)=1+2 Az Py, (cos Q) 


where the sum is taken for even L-values. The coefficients A, are functions of the 
angular momenta J—Ai, J, and J+AJ for the second excited, the first excited, 
and the ground state, and also of the multipole order of the emitted y-radiation. 

With the spin of the ground state limited to Rasmussen’s values there would be 
a certain possibility to determine this spin with correlation measurements and at 
the same time to get information as to the character of the gamma-radiation. Fur- 
thermore one would also get information about the f-spectrum of Lu17?, 


3. Apparatus 


Scintillation counters consisting of 1P21 photomultipliers and Nal(T1) crystals 
were used as y-detectors. Multipliers and crystals were mounted in small light-tight 
houses which were water cooled. The water was cooled down to a temperature of! 
about 2°C in a deep-freezer and pumped through a closed system. In this way 
the photomultipliers got a rather constant temperature and low dark-current. 

The counters were placed on a board covered with aluminum, 2 mm thick. One 


counter was fixed and the other one revolving, both at the same distance from the 
sample holder. 
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Fig. 2. The pre-stage. 


The pre-amplifiers were coupled directly to the photomultipliers with very short 
vires. The pre-stages (Fig. 2) consisted of the double triode 12AT7. One half of the 
ube was used as impedance transformer from the photomultiplier anode and the 
ther as driver of the coaxial cable to the main amplifiers. These were of the type 
lescribed by JoRDAN and BE tt (25). From the amplifiers the pulses were fed to fast 
iscriminators and from those to the coincidence circuit. 

A diagram of the coincidence circuit is seen in Fig. 3. The first two tubes T, and 
", form with the transformer (type: Utah 9318; winding ratio 1: 1:1) the blocking 
scillator which is triggered with positive pulses on the grid of tube T,. This way 
f triggering requires short rise-time of the trigger pulse. Here this is reached by 
sing the fast discriminator pulses. This method of triggering also permits the dis- 
riminator pulses to be relatively long without the occurrence of multiple triggering. 
n order to get pulses with relatively flat top, a resistance of 150 ohms is connected 
ith the control-grid of tube T,. The cathode resistance of T, is 100 ohms in one 
hannel and 240 ohms in the other. The pulses on the cathode of T, have a positive 
ign and have a length at the base of approximately 0.4 us. The rise time is approxi- 
1ately 0.05 us. If the resistance of 150 ohms in the grid circuit of T, is disconnected, 
arrower pulses with a length of approximately 0.25 us are received. The blocking 
scillator transformer of the type used here sets, however, a lower limit for the 
sngth of the pulses. 

The coincidence tube was of the type 6AS6 where the normal control-grid and the 
uppressor-grid were used as control electrodes. To get a compensation for the 
ifference between mutual conductances of the grids used, the cathode resistances 
1 the blocking oscillators were 100 ohms and 240 ohms respectively for the con- 
rol- and suppressor-grids. 

The coincidence pulses are amplified with T; and have now sufficient amplitude 
9 trigger the following discriminator of conventional type (26). 

The resolving time of the coincidence circuit is changed either by changing the 
egative voltage on the control-grids of the coincidence tube or the voltage on the 
rid of tube T,. 

The positive and negative power supplies of the coincidence circuit have been very 
ell stabilized. The filaments of the tubes have been stabilized by a constant voltage 
ransformer (Advance Components Ltd., type MT 262A). 

The high degree of stability and constant resolving time of the coincidence circuit 
re indicated in Table I. The measurements are performed in five following days 
nd with conventional methods. 
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Table I 


Day | Resolving time, us 


0.264 
0.259 
0.263 
0.264 
0.267 


oR Whe 


4, Experimental 


Lu1”” was obtained by irradiation of “spec-pure’’ lutecium-oxide!, Lu,O 3, with 
low neutrons during three weeks in Harwell2. In this way a very high specific activ- 
ty was obtained which made it possible to use small sources. To get minimum 
cattering around the source the sample holder was made of thin aluminum. 

Fig 4 shows the spectrum of Hf!’? taken with a scintillation spectrometer. The 
eft top is a 65-kev K x-ray, the other two are the y-energies of 112 and 206 kev. 
\ small peak is seen at a dial of about 215. This is the weak cross-over-gamma of 
18 kev. The intensity of the latter is about 10° of the intensity? of the 206- 
‘ev gamma (no correction for internal conversion). This spectrometer recording 
hows that if any other y-transitions exist they are of a low intensity if they are 
ot wholly converted. 

In this investigation of Hf!7? the energy discriminating ability of the scintillation 
ounter was only partly used. By using single-channel differential discriminators after 
ach amplifier it would be possible, in the cases of more complicated disintegration 
chemes, to investigate the angular correlation between different energy components. 
‘he K x-ray line of Hf!’7 (65 kev) was partly discriminated against, partly absorbed 
a tin. Fig. 5 shows the absorption-curves of the counters used. It is seen that the 
5 kev x-ray quanta are fully absorbed to a high degree at approximately 0.1 cm 
im. (It will be remarked here that the radiation also had to pass a 0.002 cm thick 
n1-foil). 

A possible and serious source of error in experiments of this kind is scattering of 
amma radiation between the counters and resulting false coincidences. In the pres- 
nt experiment the circumstances were the following: If the angle between the 
rimary and Compton scattered quanta is 180° the latter has an energy of approxi- 
1ately 120 kev if the primary energy is 206 kev (y, in Hf!*’) and 80 kev if it is 112 
ev (y2 in Hf’). When a quantum has been registered in one counter and scatters 
80°, it must pass through the Sn-absorbers of both counters. Thus the probability 
hat it will be absorbed is large. When the counters were oriented 90° in relation to 
ach other they were screened with lead, approximately 0.8 cm. 

An experimental investigation of the angular resolution of the counters was 
erformed by counting the number of coincidences as a function of the angle between 
ne counters. This investigation was made on annihilation radiation from Na” 
Mig. 6). 

1 From Johnson, Matthey and Co. 

2 The author is indebted to Dr. G. W. We tts for this irradiation. 

3 This will later be investigated with higher accuracy. 
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Fig. 4. Pulse height distribution from Hf!77 showing the 65-kev x-ray, the 112-kev, the 206-kev 
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and 318-kev gamma-rays. 


COUNTER NO 1 


0.5 1.0 1.5 mm Sn 
Fig. 5. Absorption in tin of x-rays and y-rays of Hf177, 
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Fig. 6. Angular distribution of coincidences from annihilation radiation. 
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Fig. 7. Correlation of y-rays from Hf?7’. 
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Two different measurements were performed, one with 0.10 cm Sn-absorbers, the 
NE LBO, : q 
other with 0.13 em absorbers, giving G07} = (0.80 and 0.81 respectively (N,, 
oY. : 
incl i ° directi It is seen that the 65-kev 
the number of coincidences in the 180° and 90° directions). 
x-ray cannot appreciably have effected the results. The values above are corrected 
for the finite angular resolution of the counters. Fig. 7 gives the distribution of the 
experimental points for different angles 0. 


5. Results and discussions 


The hitherto published theoretical investigations (27, 28) on pure radiation of 
dipole-dipole, quadrupole-dipole, quadrupole-quadrupole and of higher multipole 
orders give, if the spin (29) of the ground state of Hf 177 is 1/2 or 3/2, the values of 


We 1 shown in Table II. In all the cases mentioned in the table we have 


W (90°) 
W(@)=1-—A, cos? 0. 
Table II 
Multipol Spin doo yete 
ultipoles p W (90°) 
| 
Dipole-Quadrupoles. jc ciwaevtstar. rete staneeye sera 5/2 7/23/2 0.217 
Dipole: Quadrupole mie week aete onto leit 3/2 5/2>1/2 0.273 
Qiadrupole-)1poleiensi citetisieeaete siete toler 1/2—> 5/2-3/2 0.273 
Dipole=28-polevs cs. setae wee ae se Ge acl adaware 9/2 7/2—1/2 0.177 
WIipPOles28-POleie sia tera tme  seoeer clei ties aeons eterele 11/22 9/2~3/2 | 0.177 
IDIpPOle= 22" POLe Wereiaste etaetnata theless, = scien tenes 11/2> 9/2—1/2 0.216 
Dipole 2t-pOle rata osicie oii cvcts rauenoriaie ie 13/2—>11/23/2 0.216 
Quadrupole-Quadrupole.................... 5/2> 3/2—1/2 0.246 


If yp was a 23-pole or 2*-pole the first excited state of Hf!7? would have a halflife 
of a magnitude counted in seconds (30, 31). Thus dipole-23-pole and dipole-24-pole 
transitions are impossible. 

The quadrupole-dipole transitions 1/2>5/2+3/2 and 3/2+5/2>1/2 and the 
quadrupole-quadrupole transition 5/2+3/2—>1/2 are excluded for two reasons: the 
theoretical values are too small compared with the experimental ones. Further the 
quadrupole-quadrupole transition mentioned is not very likely for another reason. 
AusTERN and Sacus (32) have shown that all magnetic multipole transitions show 
interactioneffects and they have made estimates of the influence of these effects on 
magnetic dipole transition probabilities. When selection rules allow both magnetic 
dipole and electric quadrupole, magnetic dipole is favoured over electric quadrupole. 

W (180°) } asttek 
The [1 Feo [vate is, however, calculated for pure radiation. 
The last cases we have to discuss are the two dipole-quadrupole transitions 5/2>7/2 


3/2 and 3/2+5/2—-1/2. The first of these transitions has a [: roy [value 
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hich fits the experimental one rather well. Fig. 7 gives the experimental points 
nd the theoretical curve W(Q) =1—0.217 cos? (@). However, according to GoERTZEL 
31) the masking of the angular correlation is small if 


1 
<< 
Se Oo 6A 4G 


here Tz is the halflife of the intermediate nuclear state and A» is the fine-structure 
plitting of the atom. Nor do we have any masking if the magnetic moment of the 
lectrons in the atom is zero in the ground state. If, however, the atom is excited 
1¢ magnetic moment will differ from zero and thus the angular correlation may be 
fluenced. 

‘Thus it is not absolutely excluded! that the correlation has been disturbed and 
1at the correct spins of the states are 3/2, 5/2, and 1/2 instead of 5/2, 7/2, and 3/2. 


Earlier measurements (34) of the Z ratio of the 112-kev gamma have given 


-=().5. According to Goldhaber’s et al. empirical curves over - as a function of 


2 
— (=the y-energy, Z=the proton number) this gamma-ray has A J =2 and is an 


lectric quadrupole, E2. This is consistent with our results but contrary to HEBB 
nd NeEtson’s (35) theoretical estimates. 
Table III gives the log (ft) values computed by FEINGOLD (36). 


Table III 
Component Energy, kev log (f t) Nature (37, 38) 
B, 169 5.86 Allowed 
B 366 6.95 First forbidden 
Bs 495 6.80 First forbidden 


As for allowed f-transition the parity change is “no” and for first forbidden transi- 

ons “‘yes’”’ the B-spectrum would give a parity change between the first and second 
<cited states and between the ground state and second excited state of Hf?”’ but 
> change between the ground state and first excited state. Thus we may conclude 
iat the 206-kev gamma ray is an electric dipole, E1, the 112-kev gamma ray an 
ectric quadrupole, E2, and the cross-over gamma ray an electric dipole, Hl. If, 
ywever, y, and y, have the same character, y, would, according to the theory, 
.ve a higher transition probability than y, which is in contradiction to this 
periment.” 


1 Note added in proof: McGowan et al. have reported a halflife of the intermediate state 


orter than 101° sec, Phys. Rev. 85, 152 (1951). 
2 Note added in proof: F. K. McGowan, HE. D. Kirma, and P. R. Brin have published 


me results which are consistent with ours, Phys. Rev. 84, 152 (1951). 
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Nuclear resonance scattering of gamma-rays 


By K. G. Matmrors 


With 2 figures in the text 


Introduction: In the visible region of the spectrum resonance scattering of 
otons is an effect which is easily observable. In 1929, Kuun (1) draw the 
ention to the fact that an analogous process is to be expected in the region 
gamma-rays in which case the absorption and the reemission of the gamma- 
anta is associated with the excitation of a nucleus identical with that emitting 
» primary ray. Several attempts have been made to demonstrate the effect 
-6). The reason why such experiments have given no positive result is that, 
e to the high energy of the gamma-rays, the emitting and the scattering 
clei recoil with an energy which is much greater than the width of the nuclear 
itation levels. 
Moon (7, 8) has analyzed the situation and arranged an experiment in which 
» recoil is compensated by mechanically moving the gamma-source with a 
h velocity (~700 m/sec.) towards the scatterer. Moon’s experiments with 
. 411 keV gamma-radiation from Au! scattered in mercury gives the first 
ication of a positive result, though the effect is very small and just outside 
yerimental errors. A repetition of these experiments with an improved ap- 
atus was recently reported by SToRRUSTE (9). 
[The aim of the present investigation is to show that in certain cases nuclear 
onance scattering can be made observable by increasing the temperature of 
gamma-source or of the scatterer. The condition for a resonance effect is 
filled in those cases when the thermal velocity component in the direction 
vards the scatterer is such that the recoil is compensated. 


Theory. By using the following expression for the cross-section of resonant 
ttering 
2? [2 
Ores ™ 3 ‘Th 2 2 (1) 
a (H—-#,)?+4L£ 


ere A is the wavelength, J’ the resonance width, H# the energy of the gamma- 
and E, the resonance energy, and by supposing that the thermal velocities 
the source and the scatterer are distributed as in a gas at temperature 7, 
on has deduced the following expression for the effective cross-section of 
ynance scattering, taking into account the energy shift due to the recoil and 
thermal motion 
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M is the nuclear mass, & and ¢ are Boltzmann’s constant and the velocity 
of light respectively. w represents the mechanical velocity applied to the gamma- 
source in Moon’s experiments. In the following the case 1s considered where 
u=0. Formula (2) is deduced with the assumption that the emitter and the 
scatterer have the same temperature. If the temperatures are T, and 
respectively, the above expression is modified to 


E?2 
geal | / Mee eee eo (3) 
4Vx Ee V2k(T,+T:) 
or by putting 
EK? 1 2 
‘ :" 4 
Me 2k(T,+7,) * : 
and 
he 
a} 
h2 c4 M 2 
ee ee eg 
daar iy re tat LR ©) 


In the following we consider the cross-section in the special case where 
411 keV gamma-radiation from Au?’ is scattered in mercury of which only the 
10% aboundant isotope Hg! is effective as resonance scatterer. By taking 
this fact into account and by inserting numerical values into (5) one obtains: 


o=8.8-10-10- I"-g-e-® (6) 
)- 233 ‘a 
V0,+7, : 


Table I shows how the factor g-e~” depends on the gold temperature while 
the scatterer is supposed to be at room temperature. 


Table I. 

(Gaal) g:e-2" 
20° 0.0003 
100° 0.0006 
300° 0.0050 

500° 0.014 

700° 0.030 

900° 0.048 

1 100° 0.071 
1 300° 0.096 
1 500° 0.118 
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At the melting point of gold (1063°) the factor is about 0.065. (The cor- 
esponding factor in Moon’s case is about 3.0 when the gamma-source has the 
deal velocity. 

The cross-section for resonant scattering should be compared with that of 
tayleigh scattering, since both processes give elastically scattered quanta which 
annot be separated from each other by filtering or other energy discrimination. 
the angular distribution of resonantly scattered radiation is assumed not to 
leviate much from the isotropic distribution. For the cross-section of Rayleigh 
cattering (10) we have used the value 1.2-10-% em?. If gold an mercury are 
eld at room temperature the resonantly scattered radiation gives a very small 
ontribution, but if the gold temperature is increased to the melting point the 
elative increase of the elastically scattered radiation is 


* =48-10"7. (8) 
OR 


The energy width and the mean life of the excited level are connected by the 
elation t- I’ = and since coincidence experiments (11) have shown that 
<10~1!° sec there follows [>10~-' and consequently the relative increase will 
ye of the order 0.5% or larger. 


Experimental arrangement 


So far two series of experiments have been performed. In the first 0.1 g gold 
vas used which had been irradiated in the Harwell reactor to an activity of 
0 mC. This was placed in a cavity of a graphite resistance oven and could 
e heated above the melting temperature. In the second series the gold sphere 
0.2 g, 120 mC) was placed in a small evacuated quartz tube which was heated 


Fig. 1. Arrangement for the scattering experiments. 
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Fig. 2. Comparison between the spectrum of gamma-radiation scattered in lead and in wood. | 
The dotted curve shows the spectrum of the direct radiation. 


ht A 
| 


with a welding flame. The 
pyrometer. 


The gamma-radiation was scattered from a horizontal surface as is seen in 
Fig. 1. The scatterer was liquid mercury (depth 6 mm) or alternatively a lead 
plate of the same dimensions. In the case of lead no effect of resonance scat- 
tering is to be expected. The detector was a 1 cm? Nal (T1) crystal and photo- 
multiplier. The pulses were analyzed by means of a channel-discriminator with 
variable channel width. A lead cone shielded the detector from direct radiation. 


gold temperature was measured’ with an optical 
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Table II 
pa a a a Sle es ee Se 
Hg Pb 
Al 6.9+1.3 A4 e413 
A2 2:0 +2 025 A6 eae IF 
A3 5.9+0.9 AT O62 123) 
A5 3.8+1.6 AY 1.32+0.7 
A8 5.5+0.9 Al0 1.0+0.8 
Al2 5.1£0.6 All 1.9+0.9 


Fig. 2 shows the energy spectrum of the radiation scattered from lead and 
the radiation scattered from wood. The idea of this experiment was to distin- 
guish Compton-scattered radiation from elastically scattered radiation. Since the 
Rayleigh scattering is proportional to the third power of atomic number its 
contribution should be negligible in the case of wood. The wood curve was 
normalized to give the best fit with the lead curve in the Compton region. The 
corresponding curve for mercury coincides with that of lead within the experi- 
mental errors. It is evident from this figure that the curves have different char- 
acter at the high energy end and since the difference curve coincides with the 411 
keV line in the spectrum of the direct radiation from gold (the dotted curve in 
Fig. 2) it seems likely that the difference curve is due to elastically scattered radia- 
tion. In the following experiments the spectrometer was adjusted so that only the 
high energy end of the spectrum was recorded where about 50% of all quanta 
are assumed to be scattered elastically. 


During the first series of measurements (denoted by A) the spectrometer was 
held at a fixed position (H>32) and the gold was heated above the melting 
temperature. This experiment included 6 series with mercury and 6 with lead. 
In each run the gold was alternatingly cold and warm for periods of some 
minutes’ length. In all cases the counting rate increased when the gold source 
was heated. The relative increase in percent is given in Table IJ. The prob- 


il 
able errors, —=, are based on the number of counts. 


VN’ 
Table III 

Temp. Energy Hg Pb Diff. 
Bl ~1000° 32>E> 34 2.45 +0.35 0.91+0.34 1.54+0.49 
B2 » » 2.88+0.35 1.69 + 0.34 1.19+0.49 
B3 » 34>E> 36 2.79 + 0.48 1.71+0.47 1.08 + 0.67 
B4 » 28>E>29 1.48 + 0.35 0.31 + 0.34 1.17+0.49 
B5 » 24>E> 25 1.48 + 0.36 1.36+0.35 0.12+0.50 
B6 » 30>E>32 2.51+ 0.60 0.75 + 0.57 1.7640.83 | 
B7 » 40>E>42 4.09 + 1.00 2.25+0.95 1.84+1.38 | 
B8 » 37> 1.14 40.70 — 0.03 + 0.69 1.17+1.00 
B9 » 34>E> 36 2.43 + 0.64 1.98+0.61 0.45 + 0.89 
B10 ~1100° 34>E> 37 3.37+0.58 1.21 £0.56 2.16+0.81 
Bll » » 4.63 £0.60 3.24+ 0.56 1.39 +0.82 
B12 » 32>E>35 3.42+0.70 1.03 + 0.64 2.39+0.95 
B13 » ) 3.29 + 0.69 1.86 + 0.75 1.43 + 1.02 
Bl4 » » 4.56 + 0.74 3.57 + 0.69 0.99 + 1.02 
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In the second series (denoted by B), measurements were made with different 
adjustment of the spectrometer as indicated in Table III. (The energy scale 
refers to Fig. 2.) Nine runs were performed at ~ 1000° C and five runs at 
~1100° C. Each run included about 10 cold and 10 warm measuring periods. 
In this experiment the mercury and lead scatterers were interchanged regularily, 
so that each run with mercury was followed by one with lead under identical 


conditions. 


Temperature effect in the gamma-source 


In all measurements (except one) the counting rate was higher with a hot 
emitter than with a cold one and this was the case also when the radiation 
was scattered in lead. In Table IV some data are given which show than even 
the direct radiation increases with the temperature of the gold source. Meas- 
urements were performed in three perpendicular directions in order to ascertain 
that the increase is not due to an asymetrical deformation of the gold sphere. 
As the following calculation shows, the effect is due to the thermal expansion 
of the gamma-source, a result which at first sight seems somewhat surprising. 

Let us consider the absorption of the gamma-rays in the gold sphere itself. 

x 


If the radius of the sphere is R and the absorption obeys the relation J=J,- e§ 2 
the following expression gives that fraction of all emitted quanta which leave 
the gold sphere 


R V Rr ——— 


. bene te ey. 
cop [27rde | e 5 dy (9) 
i -V Rr 
or integrated 
3 [a2 ; 
2 E -1+(a+1e*| (10) 
or approximately, if a<1 
1—gat+a7+--- (11) 


. ; DR 
where a is written for re 


If the linear expansion coefficient of gold is x the density varies by a factor 
(l—3x-A4T) when the temperature is increased by AZ. At the same time : 


Table IV 
Se peeeeeenenenaniseee a 
Temp. Position Direct 
radiation 


—— SS Se ee eee | 


B15 ~1000° Vertical 1.03 + 0.35 
B16 » Horizontal 0.85 + 0.35 
B17 » » (turned 90°) 0.98 + 0.35 
B18 ~1 100° Vertical 1.29+0.28 
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all gamma-paths within the gold increase by the factor (ler: Ad). “The net 
> R : 
result is that é varies by a factor (lL—2x-AT). If this correction is applied 


to formula (10) one obtains for the temperature influence on the rate of emis- 
sion from the gold sphere the factor: 


2 
) 3+ (a2-+3a+3)e~4 

1+2%-AP-— . (12) 
re ee 


A determination of € by absorption in a gold foil under the actual conditions 
gave €=3.5 mm and since the radius of the 0.2 g gold sphere is 1.35 mm one 
obtains a=0.77 and for (12): 


1+2%:AT -0.255. 


As #~17-10-® and AT~1000° the increase in counting rate will be 0.9 %. 
If the melting point of gold is passed, the volume change during the melting (12) 
AV 


—=5.2% will give nearly the same contribution so that the total effect when 


Y 
heating the gold above the melting point will be 1.8%. The corresponding 
figures with the smaller, 0.1 g, gold sample are 0.7% and 1.4% respectively. 
Table V shows a comparison between the observed and the calculated values. 


Table V 
Temp. Exp. Theor. 
A >1 100° 1540.5 1.4 
B ~1000° 1.324 0.3 0.9 
~1100° 2.20.2 1.8 
eee ~1000° 1.0+0.2 0.9 
pea ~1100° 1.3+0.3 1.8 


Resonance scattering 


Tables II and III show that in every measurement the temperature influence 
is greater with mercury as scatterer than with lead. In Table VI all measure- 
ments are taken together in four groups. The first group represents the first 


Table VI 
eet ae Re aaa ae 
Temp. He Pb Diff. 
| 
I >1 100° Hg: Al, 2, By By els Pe 4.2 +0.4 1.5 +0.5 Dies OUT. 
Ph: Ad 6,.779, 10; 11 

II ~1100° B 10, 11, 12, 13, 14 3.85 +0.19 Dy + OL 18 1.68 + 0.26 
III ~1000° B 1 2 6 Oy SS) 2.59+0.31 1.3140.32 1.28+0.45 
IV » Bi -4,-5 1.48 +0.25 0.82+0.25 | (0.664 0.35) 
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experiment A which was performed above the melting temperature. The second 


° . 
group contains those series B where the gold was heated to ~1100°, the third | 


group those with heating to ~ 1000° except two series (B4 and B 5) which are 
added up in the fourth group. The reason is that the latter were measured 
at such a low energy that the elastically scattered radiation contributed only 
by a small fraction to the intensity measured. It is worth noticing that a 
temperature increase by 100° increases the percentage by a factor 1.7/1.3 in 
good agreement with what is to be expected from Table I. On the average 
elastically scattered radiation is responsible for about 50% of the measured 
intensity, except for the fourth group, which is not included in the mean value. 
With this fact taken into consideration one obtains for the relative increase of 
elastically scattered radiation 


o ; 
ae 3.0 % 
GR 


and consequently, according to (8) 
T=6.3-10-Vergs or 3.9-10- eV. 
The application of Heisenberg’s relation gives for the mean life 
T=1.6-107-" see. 


This value is in good agreement with Moon’s result but is about 20 times 
smaller than the value reported by Storruste. In the latter case, however, the 
main part of the discrepancy is due to the fact that Storruste has taken into 
account the different statistical weights of the ground state and the excited 
1+2}e 
1+2%, 

With respect to the spins of the levels this factor is 5. From the theoretical 
point of view it is not clear whether this factor shall enter into the formula 
or not. 

In the experiments reported here the resonance scattering cross-section has 
been determined relative to the Rayleigh scattering cross-section, while in the 
other two cases Compton scattered radiation is only partially filtered out. The 
difficulties involved in the estimation of the remaining Compton radiation may 
well account for the discrepancy. 


state in Hg'’S by multiplying the expression given in formula (1) by 
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Phys. Rev. 55, 57, 1939. — (3) Zuber, K., Helv. Phys. Acta, 16, 407 and 429, 1945, — 
(4) Schiff, L. I., Phys. Rev. 70, 761, 1946. — (5) Pollard, E. and Alburger, D. E., Phys. 
Rey. 7#, 926, 1948. — (6) Gaertner, E. R. and Yeater, M. L., Phys. Rev. 76, 363, 1949. — 
(7) Moon, P. B., Proc. Roy. Soc. 63, 1189, 1950. — (8) ——, Proce. Roy. Soc. 64, 76, 
1951. — (9) Storruste, A., Investigation of gamma-rays by the scintillation method. Med- 
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: ‘ Loe Bell, R. - > i Soe 
Endo, Journal of the Inst. of Metals, yr feos aes hace ee 


: Tryekt den 25 oktober 1952 
Uppsala 1952. Almgvist & Wiksells Boktryckeri AB 


~ » 
56 « 


s 


-- 


ARKIV FOR FYSIK Band 6 nr 6 


Communicated 10 September 1952 by Manne Sreceann and G. Boresius 


Studies of the resonance absorption of neutrons in 
uranium with the time-of-flight method 


By E. Heiistranp and R. Prersson 


With 12 figures in the text 


Manuscript received 27 June 1952 
Introduction 


The values given by Merrner ¢f al. [1], ANDERSON [2] and SavERWEIN [3] 
of the resonance absorption of neutrons in uranium were all obtained with the 
well-known boron- and self-absorption method. This method will give accurate 
results only when there is one single resonance, and in uranium there are 
certainly more than one. 

As a part of the neutron physics program of this institute a time analyzer 
specially designed for time-of-flight spectrometry has been constructed by Techn. 
lic. G. von Darpet [4], and by his courtesy has been available for studies of 
the resonance absorption in uranium. As a neutron source we first used a 2 
MeV van de Graaff machine at the Research Institute for National Defence 
in Stockholm, but the neutron intensity was found to be too low. By kind 
permission of Professor MANNE SIEGBAHN we were allowed to use the 7 MeV 
cyclotron of the Nobel Institute in Stockholm.1 


Theoretical considerations 


Many experiments have been made using the time-of-flight method, and 
detailed treatments of the theory and method have already been given by many 
authors [5], [6], [7]. We therefore restrict ourselves to a short summary. 

To determine the neutron absorption of a sample as a function of energy, 
its transmission for neutrons of different times-of-flight is measured. This is 
done in the following way. During a short time interval a neutron burst is 
produced at a well-defined place. Neutrons with their velocity vector within 
a certain solid angle are allowed to enter a detector, after traversing a certain 
flight path. By selecting groups of neutrons arriving at the detector after times 
t,t+At,... from their birth, the energy distribution of the neutron pulse 
can be determined with and without the sample in front of the detector, and 
thus the transmission at different neutron energies can be found. 


1 We wish to express our thanks to the cyclotron group at the Nobel Institute for the 
continuous help they have given us. 
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_ Repetition period 


Neutron pulse > | Leta aie 


— = a o& oe. 


Channel nr - 7234567689.... 


Ideal resolution ates eetesies 
function 2r 


Fig. 1. Relation between the resolution function and the neutron pulse and channel widths. 


The transmission for monoenergetic neutrons of a sample containing n atoms/cm” 
and with a total cross section oj, cm? can be written 


Ty = eo" tot, (1) 


In the resonance region oj can be written as the sum of a constant cross 
section Oconst and a resonance cross section o, which obeys the Breit-Wigner 
one-level formula if the resonances are not too closely spaced. Thus we have 
(resonance scattering neglected) 


E,\* Toy Ae 
a(z)=(39) 4(E —E,)?+I?’ (2) 


where #,=resonance energy, 
0) =Tesonance cross section, 
and J'=total width of resonance, 


or, written as a function of the time-of-flight A (A in ys/m and J in eV), 
A/Ao 


eR) Cana) é 


The ideal transmission curve (1) corresponds to perfect resolution and cannot 
be obtained experimentally. With a given resolution function f (A), one gets 


eee (assuming negligible variation of the neutron intensity within a channel 
width) 


T(A)=[ f(a): Ty)(A+a)da, 


b (4) 
{(4)40 for -a<A<b;f f(a)da=1. 
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Thus the shape of the measured transmission curve depends on the resolution 
function. This is mainly determined by the duration and shape of the neutron 
pulse and the channel width. To give maximum counting rate for a given re- 
solution the length of the pulse modulating the ion source in the cyclotron and 
the channel width are chosen equal, giving a triangular resolution function 
(Fig. 1), which, however, will in reality be somewhat smeared out and broadened 
by the spread in acceleration time of the ions in the cyclotron, by the length 
of the detector, which causes an uncertainty in the flight path of the neutrons, 
and by the finite rise-time of the pulses in the electrical circuits. 

To avoid the need of knowing the exact form of the resolution function, 
we define, following RatnwaTer and Havens [6], the “absorption integral” 


A, 
A=([1-T(A)]d A, (5) 


Ay, 


where A, and A, are the limits of the resonance region. A is equal to the 
area between the line representing unity transmission and the measured trans- 
mission curve, normalized in such way that 7=1 far from the resonance. 
Expanding 7, (4+) in a Taylor series around the point A, A can be written 
in the following form 


A, A, b 
A=[ [1-2 (A)]dA+[ITy] [ f(a)Adat+ (6) 
Ay, Ay —a 


where we remember that 7, is the transmission at perfect resolution. Thus the 
A, Bey - 2 

integral is independent of the resolution if J 7, = To =--- =0, which is ap- 
ut 1 


proximately the case. 

The experimentally found value of A should be compared with the theoretical 
value 4=/{(1—7,(A))dA, using (1) and (3). The integral cannot be evaluated 
analytically, but for two special cases we can get a useful approximate result. 


Bs 
Supposing I'<E, and (7) =1 we have for 
1) no, =1, representing a thick sample, 
mA! fe, sana 
A tnicx = 2B, Vano,I? (7) 


which gives 


bead op 8 ele bs 
2 = (0) “thick | 
pes (7) n 


2) noy<1, representing a very thin sample, 


which gives. 
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lo 


Qs 


02 


02 as ho 2 3 ¢ ne, 


re ey alate 5 
Fig. 2. The deviation of the quantity (= (=) xen 7) from unity for 0.l1<no )< 10. [8] 


Thus by determining Atnicx and Atnn it is in principle possible to get oJ” 
and o,/', from which og and J’ can be calculated separately. 

A slightly different approach specially suitable for cases when J’ is much 
less than the resolution width is given by RartnwaTER and Havens [8]. From 
Eq. (7) we form the expression 


z=* (20) A? 


9? 
7\Ao] Nogl 


which for thick samples is equal to 1, but decreases as n decreases. By nu- 
merical integration of (5) the real value of Z can be obtained, and is plotted 
as a function of no, in Fig. 2. To find o, and J" two samples are used, one 
thick and one thin, and the areas are determined. Putting Z=1, one gets 
(do De enicks (do tM) rao and the ratio (do I in | (do T*) cx, which is less than 1 
and by means of Fig. 2 yields an approximate value of no, for the thin 
sample. Knowing n, o, can be determined, and thus also J’, from the value 
of o, 1” for a thick sample. 


Apparatus 


Fig. 3 gives a view of the experimental arrangement and in Fig. 4 a block 
diagram is shown of the electrical circuits. The neutron source is a 7 MeV 
cyclotron with an internal Be-target [9]. The ion beam is pulsed by means 
of a set of 8 parallel-coupled 6Y6G tetrodes in series with the arc. These 
valves, ordinarily cut off, are opened by pulses from the time analyzer, resulting 
in the generation of the desired ion pulses. 

The neutrons generated at the target are slowed down in a paraffin moderator 
outside the cyclotron, and a beam within a certain solid angle is allowed to 
enter the detector, situated about 6 m from the front surface of the paraffin. 
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The neutron beam is shielded from stray neu- f Be- target 
trons by means of a cylindrical collimator 7 

consisting of paraffin ae boron trioxide ar- i ol ee ottin) 
ranged as shown in Fig. 5. The thermal neutrons 

from the paraffin are captured by a cadmium 

sheet 2 mm thick. AN. — 

The detector consists of three ionization y = 
chambers of total volume about 1500 cc filled 
with purified BF, of natural isotopic compo- 
sition at a pressure of 600 mm Hg. The high 
tension used is 3400 V, which is enough to 
give a good discriminator plateau without risk 
of breakdown. 

The pulses from the BF, chambers are 
amplified in a conventional amplifier and led 
via a discriminator to the time-analyzer and 
a scale of 64. As the time-analyzer will be 
described in detail elsewhere we give only 
some information of interest for the present 
investigation. It has 20 channels, each with 
a scale of four and a register, the smallest 
channel width being 2 ys. The repetition rate 
can be varied in four steps, giving an oper- 
ating cycle period of 20, 40, 100 or 200 times 
the channel width 7, and the twenty channels, 
covering a time interval of 20xt, can be 
distributed in various ways over the whole 
range. As the neutron pulse must be syn- 


Faraday 
cage 


Water tank 


chronized with the time measuring equipment Time analyzer 
the time-analyzer also delivers the pulses mod- 

ulating the arc in the cyclotron. These pul- 

ses, the length of which is usually chosen Fig. 3. General view. 


Time a 
analyzer “ae, : 


Fig. 4. Block diagram of electrical circuits. 
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Fig. 5. Segment of collimator. 


equal to the channel width, will be called the “zero-pulses’’ in the discussion 
below. 

An extra BF; chamber with amplifier and scale is used as a monitor and 
all results are normalized to the same number of monitor counts. 

The electrical circuits are shielded from the high frequency field of the 
cyclotron by a sort of Faraday cage, and the pulse to the ion source is fed 
through a high-frequency filter. 


Experimental procedure 


On account of the 2 mm thick cadmium filter only neutrons of times-of-flight 
less than about 120 yus/m, or 735 us for a flight path of 6.15 m, reach the 
detector. Thus the repetition period ought to be longer than 735 us to avoid 
overlapping. For a pulse width of 4 ys, which according to RarnwaTerR and 


N 
5000 
i 
4600 ie | Channel width 35 
> ee Flight path . 61sm 


5000 | Pr 


Qo 
200 400 600° 735 MS 


Fig. 6. The epicadmium neutron intensity as a function of time-of-flight. 
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300 


Neutron pulse bys 


a) : Channel width 6 ps 
100 
Channel nr 
N 
750 
Neutron pulse 24 ys 
Channel width 6 ps 
500 
4) 
250 


Channel nr 


Fig. 7. Measured resolution functions. 


Havens [8] is about the lower limit for an arc-modulated cyclotron, this 
implies a repetition period of 200x4=800 us. Because of geometrical incon- 
veniences at the cyclotron (only internal target, no space available in the 
forward direction of the neutron bursts), the intensity was not high enough 
to allow a duty ratio larger than 100. We thus had to make a compromise 
between using a rather large channel width (8 us), giving bad resolution, and 
a short one, causing overlapping over a long energy region. We chose a re- 
petition period of 600 wus, corresponding to a channel width of 6 us, which 
gives overlapping for neutron times-of-flight less than about 22 us/m or, in 
energy units, above 11 eV. As seen from Fig. 6 the overlapping part of the 
intensity decreases rapidly with energy, and is at most only 15 % of the very 
fast neutron intensity. As the resolution is rather bad in the high energy 
region, we have neglected the influence of the overlapping. 
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In order to determine the resolution function we replaced the BF; detector 
by a pentane chamber which, detecting recoil protons, is only sensitive to high 
energy neutrons [7]. By means of a delay line the relative time positions of 
the zero-pulse and the channels could be changed in steps of 2 us, and thus 
a rather precise curve could be obtained (Fig. 7). Fig. 7 a is the curve obtained 
with the neutron pulse equal to the channel width and Fig. 7b with the 
neutron pulse four times the channel width. The latter arrangement was used. 
for the thinnest absorbers to increase the counting rate, the better statistical 
accuracy more than compensating for the decrease in resolution. 

The base of the resolution function in Fig. 7a is about 27, with a small 
tail on either side. The tail caused by incomplete quenching of the arc in the 
ion source reported by RarnwaTeR and Havens [8] was not found. The curve 
mentioned above was determined once and for all, and in order to check the 
apparatus from time to time we instead used the method described by Rarn- 
WATER and Havens in [8]. They used the highly energy-dependent transmission 
of a 2.89 g/cm? thick paraffin layer to determine the resolution. It can be 
shown that at neutron energies as high as 10* eV, corresponding to a time- 
of-flight of 0.7 us/m, the transmission only amounts to 0.4%. Thus only the 
highest energy neutrons are transmitted without suffering collisions. This method 
has the advantage that the BF, chambers in their normal positions may be 
used as detector, and thus it gives the resolution function under working 
conditions, and the real time-lag between the zero-pulse and neutrons detected 
after a negligible time-of-flight. This delay was found to be 16 us. The curve 
as a whole will, however, be less exact than that obtained with the pentane 
chamber, because of the high background of diffused neutrons. 

Five samples were used as absorbers, four consisting of uranium trioxide, 
UO ;, thicknesses 5.46 g/cm*, 3.45 g/cm*, 0.27 g/cm® and 0.092 g/cm? and one 
of U,;0,, thickness 0.67 g/cm®. All were made of fine powder compressed in 
cylindrical boxes with aluminium walls, except the thinnest, which was slurried 
in a solution of polyvinyl acetate. They were mounted at equal distances from 
the target and the detector. 

As the neutron intensity was fairly low the experiments had to be made 
over a long time interval. In order to reduce errors caused by various drifts — 
in the apparatus a long run was divided into intervals with and without sample. 
To give the best statistical accuracy the ratio ti,/tous was chosen equal to 


Nout 
V > where tin (Nin) and tout (Nout) are the counting intervals (rates) with 


in 
the sample in and out respectively [10]. 


Results 


In the region above 16 eV only the thickest absorber was used. There are 
rather strong indications of resonances at about 20 and 38 eV, as may be 
seen from Fig. 8. The curves are normalized in such a way that 7=1 far 
from the resonances. Assuming single resonances, and no, >1, we obtain the 
following values for the energies and the “strengths” of the resonances: 


Ey=20+2eV; op l?=4.5+2 bd(eV)*. 
E,=38+4 eV; o,I?=6.544 b(eV)*. 
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Fig. 8. Normalized transmission curve for 5.46 g/em? UO3. (E> 16 eV.) 
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Fig. 9. Normalized transmission curve for 5.46 g/cm? UO3. (16eV > E> 3.7 eV.) 


There may also be resonances at about 200 and 600 eV, but the resolution 
does not allow any certain determination. A control measurement was made 
with a channel width of 7 us and the transmission curve obtained had the 
same appearance as Fig. 8. 

In the region between 3.7 and 16 eV all the five absorbers were used. The 
results with 5.46 g/em?, 0.67 g/cm and 0.092 g/cm? are shown in Figs. 9, 10 
and 11. We have only found one certain resonance in this region, and the 


energy value is determined to 


BE, =6.6+0.2 eV. 
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The area A as a function of Vn is given in Fig. 12. 


lo 


Transmission 


i 


ty 


Fig. 10. Normalized transmission curve for 0.67 g/cm” U303. (16eV > HE > 3.7 eV.) 


Table 1 
Sample 
A us/m TW 
No. g/em* 

ik 5.46 1.42+0.10 | 12.4+1.8 
IL. 3.45 1.19+0.07 | 13.7£1.8 
IU. 0.67 0.57+0.06 | 15.4+3.6 
IV. 0.27 0.3640.05 | 16.4+4.2 

v. 0.092 0.14 + 0.02 742 
Weighted mean for I—III | 13.5+1.5 


that for the thinnest absorber lie rather well on a straight line through the 
origin and from the slope of this line we obtain o, J™ (see Eq. (7) and Table 1) 


Moreover the deviation from the straight line for the thinnest absorber indicates 


6) [7 =13.5+1.5 b(eV)*. 


that this absorber is not a “thick” one, and thus from Fig. 2 a rough value 
for o) can be estimated. This gives 


from which follows 
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6 = 5400* 


I’ =0.050 + 0.015 eV.. 
As the Debye temperature of UO, is 140° K [11], the formula for the dowales 


width A= ghee E,kT is valid [12]. With E,=6.6 eV and 7=300°K we 


3500 


2300 barns, 


All the values except © 
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Fig. 11. Normalized transmission curve for 0.092 g/em* UO 3. (16eV > E > 3.7eV.) 


4 2 


345 546 g/cm? 


Qeo 027 067 


Fig. 12. The absorption integral as a function of V n. 
67 


E, HELLSTRAND, R. PERSSON, The resonance absorption of neutrons in uranium 


obtain A=—0.052 eV. Therefore the doppler effect cannot be neglected as is 
tacitly assumed above and the area A will be too large and thus also the 
value of oo. Further calculations on the influence of the doppler effect [15] give 
the more accurate results: 

Op 1 = IZA 1s b(eV)- 


6) = 500077800 barns 
I’'=0.050 + 0.010 eV 


These values of the parameters for the main resonance are to be compared 
with the values obtained with the boron- and self-absorption method. SAUERWEIN 
[3] found £)=7.5+1.5 eV, [’=0.0075 eV, o9=40000 barns (corrected for the 
doppler effect=4700 barns), giving o)/*=2.26 (eV)?. AnpEerRsson [2] found 
E, < ll eV, I°=0.20 eV and oy = 4600 barns, giving o) [*~ 180 6 (eV)*. Thus our 
value for o, J” lies between these values but does not agree with either of them. 

To check the energy calibration we made a measurement of the 5 eV reso- 
nance of silver, for which we got 


E,=5.140.2 eV 


in good agreement with the more precise value, Ey=5.17+0.08 eV, found by 
SELOVE [13]. From our measurement we could also roughly estimate the value 
of o, J? ~250 for silver, which does not disagree too much with SELOVE’s value 
6) 17 =365+30b(eV)? and Rarnwater’s 300+50b(eV)* [14]. Thus it is not 
probable that there is any great systematic error in our measurement.! 
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Note added in proof: During the printing of this manuscript curves of the neutron cross 
section for natural uranium have appeared in AECU-2040, Neutron Cross Sections, 1952. 


These curves are consistent with ours within the error limits. The values of o, I, o, and I" 
are not given. ¥ 
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Communicated 28 May 1952 by Ertx Hutruin 


Measurements on the microwave spectra of methyl alcohol 
and nitromethane 


By GuNNAaR ERLANDSSON 


A Stark-effect modulation microwave spectrometer has been built at this 
institution. The instrument, which will be described in more detail later on 
(when the equipment is more complete), has been tried on methyl alcohol and 
nitromethane (CH,NO,). 

Two klystrons type 2K33 have been used to cover the region 16.3—25.7 
kMe/s. The absorption cell is 3m long and consists af a 3 cm wave-guide with 
central steel electrode. A National HRO7-receiver is used as spectrum amplifier 
tuned to the modulation frequency 100 ke/s. Sine-wave modulation biased to 
ground has been used with maximum field intensity of about 600 volts/cm. 

Frequencies have been measured with a TK»,-cavity wave-meter of the type 
described by BiEeany, LouBserR and PENROSE (1). The output from the wave- 
meter is mixed with the spectrum signal in a difference amplifier and thus 
presented on the same oscilloscope screen as the absorption lines. One single 
wave-meter has been used to cover the entire frequency region investigated. 
The average error in the freqency measurements on ammonia lines between 19.5— 
25 kMc/s has been about +2 Mc/s. Below 19.5 kMce/s the accuracy is slightly 
worse because here only two resonances can be used instead of three resonances 
above 19.5 kMc/s. Most frequency values presented below are, however, believed 
to be good to +5 Mc/s. 


Table I 
Methyl alcohol spectrum 


Frequency Frequency Stark- Estimated 
value according effect relative 

found here to (2) order intensity 
16390 — 1 S 
16556 — = W 
16937 16941,6 os WwW 
17507 — 2 W 
17906 17911,1 1 S 
17944 — 1 S) 
18159 — 1 M 
19139 == == M 
19386 19390,18 1 M 
19964 — 1 M 
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CH,NO, spectrum 
nr a 


Stark- Estimated | | Stark- Estimated 
Frequency effect relative | Frequency effect relative 
order intensity order intensity 

16342 = > M | , 20405 2 Ww 
16414 2 S 21190 — W 
16522 2 W | 21500 — WwW 
16556 2 Ss | 22054 2 NS 

16689 ~ WwW 22068 1 Ww 
16727 2 WwW 22267 2 W 
16807 2 M \| 22332 2 WwW 
16823 — W | 22370 1 W 
16915 — WwW 22391 2 WwW 
16948 2 Ww 22418 1 Ww 
17053 2 WwW 22478 2 M 
17228 — W | 22489 2 M 
17365 = WwW | 22528 2 Ww 
17462 — Ww | 22536 > Ww 
17513 ye Ww | 22628 2 M 
17530 — WwW 22651 2 Ww 
17618 1 M | 22701 2 8 

17864 — WwW | 22820 2 Ss 

17900 1 M 23004 2 M 
17968 2 Ss 23330 — M 
18068 2 W | 23455 2 Ss 

18102 — WwW | 23499 2 W 
18112 — W 23594 2 Ww 
18136 — Ww 23661 1 M 
18172 — WwW 23700 2 W 
18239 — W 23744 2 M 
18256 — W 23754 1 Ww 
18574 — W 23782 2 Ww 
18609 — WwW | 23798 — W 
18665 — W 23896 — WwW 
18810 2 Ww 23939 ots Ww 
18938 — W 24140 2 W 
19025 — W 24286 2 Ww 
19055 — M 24338 2 Ww 
19233 — Ww 24386 l Ww 
19370 2, WwW 24420 = Ww 
19420 — W 24433 2 S 

19576 — W 24506 2 Ww 
19719 — W 24658 1 Ww 
19794 — W 24959 =< Ww 
20291 2 NS) 25701 2 Ww 
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The results obtained on methy! alcohol agree well with the results of Hucuss, 
Goop and Cotzs (2) as far as the frequency regions of good instrument sensitivity 
are overlapping. Between 16.3—20.0 kMc/s, however, ten lines have been found, 
only three of which are reported in (2). The frequency values found here are 
listed in Table 1 together with estimated relative intensities and Stark-effect 
order. The line at 19964 Mc/s has a linear Stark-effect such as displayed in 
Fig. 2b of Ref. (2) and is thus expected to have AJ /=1. Only two components 
on each side have been seen, whence the lower J-value should be 2. The Stark- 
effects of the other lines cannot be resolved with the sine wave modulation used. 

Nitromethane has been investigated previously by DatLey and WILson (3) (4) 
and by Bak et al. (5) who have reported some 15 lines. In the present investiga- 
tion 94 lines were measured. The agreement with previous measurements is good 
for some lines. For other lines, however, there are deviations of as much as 
15 Mc/s. Two lines reported in (3) and (5) have not been found here (23250 
and 24017 Mc/s). The results are listed in Table 2. 


I wish to express my thanks to Professor Ertk HULTHEN for extending to me 
the facilities of this institution and for his interest in the work, to Dr. phil. 
Borge Bak in Copenhagen for a highly purified sample of nitromethane and for 
much helpful advice and to Forsvarets Forskningsanstalt for the loan of some 
microwave components. The work has been economically supported by Svenska 
Atomkommittén and by Statens Naturvetenskapliga Forskningsrad. 


Stockholm, May 15, 1952. 
University of Stockholm, Department of Physics. 
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Read 14 May 1952 


On the measuring of cohesional forces of solids, as 


influenced by liquids 


By C. BeNnEpicks and B. EKELUND-KAPPELER 


With 2 figures in the text 
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1. Introduction 


The cohesional forces between solid particles (““coherescence’’ according to A. 
ATTERBERG!) are of a great importance, theoretically as well as technologically. 

V.S. VeseLovsxis and J. A. Setyarv? have studied the mechanical properties of 
wet clay balls; P. A. Inmoni and M. Ticerscu16Lp? those of pellets of ore concentrates 
(“slig’”’). In both papers it is maintained, that the main reason for the cohesional 
forces observed is the occurrence of contracting menisci in the very surface layer 
of the wet pellet, surrounded by air. 

It is evident, however, that consideration must be given to the cohesional forces 
(Sp) acting between the particles when dry — though being extremely small — and 

1 Int. Mitt. d. Bodenkunde Vol. 2. 14 g. 1912—13. 

2 Colloid J.. U.S. 8. R., 2, 417, 1936. 

3 Jernk. Ann. 134, 135, 1950. 
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A Brass disc 
BCC’ Brass “‘brush”’ 


G Micrometer table 

H Graduated circular dise 
DE Tungsten wire JJ’ Levelling screws 

K 


EF Coarse adjusting device Loading chain 


Fig. 1. 


also, in particular, to the cohesional forces (Sx) acting between the particles when wet — 
in which case the attraction may be expected to be considerably greater than in a 
dry condition. 

This has actually been pointed out by C. BENEDICKsS and P. SrpERHOLM!, when 
discussing “‘the influence of a liquid on the occurrence of fissures and on the attrac- 
tion between two plane surfaces’. There (fig. 2) two curves were sketched to illustrate 
the relative magnitudes of the dry attraction S,) and the wet attraction Sz, the 
latter presumed to be appreciably greater, at a constant distance d. 

The scope of the present investigation is to bring forth an experimental method 
for the evaluation of Sp and Sr. 


2. Method developed! 


As primary material commercial brass was chosen (~ 33% Zn). A (Fig. 1) is a 
carefully planed and polished dise (15 x 5.5 mm); B is a disc (15 x2 mm) provided 
with about 80 regularly spaced 0.3 mm holes, each containing a brass pin C, 0’ 
(free length 5 mm; tin soldered). The carefully polished lower ends of the pins thus 
constituted a comparatively well defined plane area (the “brush” was embedded in 
ete, wax during shaping); the resulting contact area may be estimated to, say, 
4 mm?. 

By means of a centric holder D, B was suspended by a very thin tungsten wire 
(0.017 mm), the upper end of which was attached to an adjustable holding device 
EF, where F is a hook, suspended from the lower hook of an analytical precision 


balance (SARTORIUS). 
1 Jernk. Ann. 129, 107, 1945 (Swed.). 
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The dise A is rigidly mounted in a glass beaker (150 cm), which is supported 
by a micrometer table G, adjustable by a graduated disc H and adjustable also 
by the levelling screws J, J’ and free from any contact with the balance pan. On 
the other pan, a very fine chain K of Ag (1 mm = 0.0022 g) could be loaded (mm- 
reading). 

The entire apparatus was standing on a rigid marble table. 

The function of the tungsten wire was to reduce as far as possible the influence 
of the surface tension of the liquid when used. The general run of an experiment 
was the following. 

1. Out-gassing of test bodies submerged in the liquid, comprizing vigorous boiling, 
and cooling 45 mins. 

2. Inserting beaker in the balance house; after having counterbalanced the brass 
“brush” (weight P) — so as to be freely suspended in the liquid — the micrometer 
table was adjusted to zero position of balance pointer. 

3. Arresting balance so that A is loaded with the weight P for a given length of time. 

4, Disarresting balance; lowering chain successively until the “brush”? comes 
loose from the disc A; the value of cohesion p is then obtained. 


3. Experimental results 


The main point of interest would have been to know the mean free distance 
between the two surfaces (of A and of CC’). Since this variable is scarcely available 
for direct computation, the experiments were made using a few different contact 
pressures P, and varying the time of observation, so that the free distance should 
vary in a given direction. The results are to be seen in Fig. 2. 


I. Pressure (approximately) P = 2.7§ 
a) Dry air. — P = 2.7 g.| 


The observations a show no appreciable cohesional effect at shorter periods of 
time, but after 12 (1.5 mg), 24 and 36 hours resp. an increasing value is obvious. 
Some part of the observed effect, however, might be due to an incomplete removal 
of humidity. ‘ 


b) Two organic liquids. — P = 2.5 g (corrected!). 


A plain but modest effect was also observed — as indicated by the points 6 and b’ 
— when using benzine (ligroin) and ethanol. Their relative positions indicate that 
ethanol exerts a slightly stronger influence than benzine. 


c) Water containing ar. — P=2.4g. 
As shown by the observations c, a regular, continuous increase in cohesional 
force with time was obtained, up to 14 mg. 


d) Water out-gassed. — P = 2.4 g. 


The cohesional increase takes place at a considerably accelerated rate, reaching a 
maximum near 28 mg after about 20 hours. The accelerated rate may be attributed 
to the absense of air (no air precipitation being possible). In a similar way, the 
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ADHESION p 


Mel DS ICT et MINCE. ON OE CO One eT as eo 2.7 
Go Benzing. 0) Kbnanols eye iee arsine stele tage ape iedetne ater 2.5 
c¢ Water containmg air. 20+. + «1s «sie as lei = = 2.4 
ad Water out-gassed 02. 25.5... os. cece es aeee thie s vic 2.4 
e Water containing a wetting agent................ 2.4 
FuWater-OutsPassed) 5 o\cicwcs «tej egee aim wie eieiniaieie nile eheter as 15.4 
g Water containing a wetting agent ............... 15.4 
h Water containing a wetting agent................ 32.2 
Fig. 2. 


final decrease may be explained by a successive absorption of air, giving an air 
content of the water as in c, with an enrichment at the contact surface. 


e) Water containing a wetting agent. — P = 2.4 g. 


The curve e illustrates the effect of using a 0.01% aqueous solution of a wetting 
agent, dodecyl amine acetate. It will be seen that the increase in cohesional effect 
in this case is greatly accelerated and strengthened: after 12 hours, a value of about | 
30 mg is reached, remaining almost constant for a long period (48 hours). 


II. Pressure P = 15.4 ¢ 
f) Water out-gassed. 


The increased load causes a remarkably high cohesional effect: after 1 hour the 
high value of 48 mg was obtained. Curve f further reveals a plain decrease. This 
might appear strange, but it may be due to the same cause as that of the decreasing 
curve d: the out-gassed water successively reabsorbs air, concentrating at the contact 
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surface. The strong influence of a thin gas layer on the cohesional forces has been 
experimentally proved.1 


2) Water containing a wetting agent. 


By the use of the wetting agent, the cohesional effect is furthermore increased 
(up toa value of 54 mg for 1 hour’s contact; curve g). Further, we see that with 
increasing time the cohesional effect steadily increases. This is what we may expect 
trom. the excellent wetting of the liquid: a good wetting signifies the absence of a 
gaseous interphase and causes, as already pointed out, strong cohesional forces. 


III. Pressure P = 32.2 § 
h) Water containing a wetting agent. 


The fine tungsten wire did not allow the application of a substantially increased 
pressure. A few check trials, however, were made using the higher pressure 32.2. 
It will be seen that the values obtained (h) exhibit an appreciable increase, reaching 
64 mg. This is about 43 times the dry value observed in a. 


4, Further remarks: repolishing, surface tension 


Preliminary tests had shown that it was essential for a satisfactory reproduci- 
bility, that the brass test bodies were freshly repolished before each series of tests 
‘(the polishing was made on soft endwood (alder), using stearine oil and freshly 
ignited Vienna-chalk (910° C); after the polishing, careful washing with benzine). 

The surface tension of the liquids used was determined using the method of 
capillary rise. The values obtained were the following: 


dyne/cm 
VND e ESTE Oi eur vrmol im raeetcns tee eee eaten o's a wT cubes 72.9 
water + 0.01% dodecyl amine acetate............ 45.0 
Sata ere ree) oot ANE cg eos, orci are 5 ye 21.2 
De UZIse. (MOTO) tacx a saiap is sere «afore tenes ss ae seve 20.8 


Thus, the maximum cohesional attraction observed cannot be interpreted as being 
merely a function of the liquid surface tension — as had been supposed. If this 
assumption were true, one would expect a much lower cohesional value in the 
case of the dodecyl addition (surface tension 45.0 dyne/em) than in the case of 
pure water (72.9). The experiments show the contrary to be the case. 


5. Conclusion 


The above experiments were made on a solid metal, brass (in the form of a “brush” 
placed on a brass disc — preventing too great an influence of the viscosity of the 
liquid — as would be the case if the brush had been placed on another plane disc). 


1 OC, Benepicxs a. P. SepERHOLM, Experiments regarding the influence of an adsorbed layer 
on cohesion and coalescence in liquids and in solids. Arkiv f. Mat., Astr. o. Fysik 30 A, No. 6, 
p. 1—34, 1943. — Adsorption as the cause of the phenomenon of the “floating drop”’, and foam 
consisting solely of liquids. Nature 153, 80, 1944. — Further experiments regarding the pheno- 
menon of floating drops. Arkiv f. Mat., Astr. 0. Fysik 30 B, No. 5, p. 1—8, 1944. Corroborating 
results were obtained by I. N. PLaxsrin and 8S. W. Bessonow, Veranderungen der Benetzbar- 
keit der Metalle und Sulphidmineralien bei der Einwirkung verschiedener Gase. Doklady Aka- 
demii Nauk SSSR 61, 865, 1948 (in Russ.). 
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While the cohesional forces in a dry condition are very small (say 1.5 mg; Fig. 2 a), 
the attraction when totally immersed in ordinary distilled water was found to be 
about 9 times greater (c). Water to which a wetting agent (0.01% dodecyl amine 
acetate) had been added, gave a cohesional attractive force 21 times greater (e). 
This at a load of P=2.4g. At P=15.4 g it started by giving a value 37 times the 
primary one (f). At P=32.2 g the action was found to be 43 times greater than 
the dry value (h). ; 

The fact that an increased pressure gives a higher cohesional value, is obviously 
due to a decreased distance between the solid surfaces. 

The fact that, in general, the cohesion increases with time may be referred to the 
fact that, when under pressure, the distance successively decreases. 

Out-gassed water giving successively a decrease in cohesion (d, f) must be due to 
a successive air absorption of the liquid with concentration in the boundary, resulting 
in an increased distance (this fact e.g. causes that the curve d successively ap- 
proaches the curve c). 

These preliminary experimental results are of a special interest for the formation 
of pellets of ore concentrates as well as for the pressing of tablets in general and 
for similar questions. 

Many problems present themselves for further investigation. In the first place, 
some pure noble metals, say Ag, Au, Pt — possibly by means of a simplified 
contact device — may be investigated, and also several minerals. 

The influence of an increased pressure (P > 40 g) naturally demands further in- 
vestigation. The behaviour of quite a number of different liquids must obviously 
be followed up; interesting is also the question whether the addition of very fine 
powders to the liquids would noticeably alter their influence. 

Cordial thanks are expressed to M. O. TEnow, Fil. Lic., for useful collaboration. 


SUMMARY 


1. A method has been elaborated permitting the determination of cohesional! 
forces by means of an analytical balance. The attracting objects were of brass: a 
“brush” and a disc, possessing plane, polished surfaces. The former was suspended — 
by a 0.017 mm tungsten wire, permitting submersion in a liquid, without any appre- 
ciable disturbance caused by the surface tension of the liquid (Fig. 1). The cohesional 
forces after different times are to be seen in Fig. 2. 

2. In a dry condition, the cohesive forces observed are rather small, but increasing 
with time (curve a). 

_ 8, Distilled water containing air showed first (during about 10 hours) a considerable 
increase, approaching then an asymptotic value (c). 

4. Out-gassed distilled water shows a still greater increase up to a maximum (after 
20 hours; d). The following decrease implies an asymptotic approaching to the 
curve c for water containing air already at the beginning. 

5. The addition of a wetting agent (e) causes an accelerated increase of the cohe- 


sional force, up to a rather high asymptotic value (about 33 mg; for water con- 
taining air the value was 14 mg). 


* The word “additional” might appear preferable to “cohesional” (used here in order to 
point out the close relation to the inner forces of the solids) 
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6. The above figures were obtained when using a load near P=2.7 g. P=15.4 g 
gave a considerably higher initial value (49 mg). The subsequent decrease may be 
attributed to a successive absorption of air (f). 

7. The addition of the wetting agent, for P=15.4 g, gave a value up to 54 mg 
after 1 hour, showing a successive linear increase (g). This is in accordance with 
the characteristic property of a wetting agent to prevent the presence of a gaseous 
interface. 

8. The highest load used, P=32.2 g, gave a still higher cohesional value, 
64 mg. 

The method, thus, has given several elucidating results. The cohesional forces 
between two solids immersed in a liquid were measured, at least relatively; they 
have been found to assume considerable values (p), at least when using a high 
load (P), and excluding any precipitation of a gaseous phase in the boundary. 


Stockholm, Labor. C. Benedicks 
May 1952. 


Tryckt den 17 november 1952 


Uppsala 1952. Almqvist & Wiksells Boktryckeri AB 
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Communicated 28 May 1952 by Manne SiecBaun and Erik HutrHan 


The disintegration of Zr® and Nb* 


By Hiipine Suatis and Luisa Zappa! 


With 10 figures in the text 


1. Introduction. According to Nuclear Data (30) the Zr nucleus disintegrates 
to Nb* (=Cb®*) and Nb® to Mo in accordance with the following scheme. 


—- 
_— 
—~ 
_ 
_—_-— 


3 . 
¥,< ? (920 kev) 
¢ 


Stable Mo? 


Fig. 1. Decay scheme for Zr®® and Nb® according to LEVINGER (18) and NepzEL (28). The decay 
of 205 Tc® is part of a scheme given by MeEpicus et al (25). Compare Nuclear Data (30). 


Zr® is obtained either as a fission product (GOLDSCHMIDT and PERLMAN (11), 
see also 13, 12, 32, 36, 9) or by bombarding Zr®> with slow neutrons (35). The half- 
life is about 65 days (35, 14, 31, 12, 1). Zr decays by beta emission to Nb®, This 
nucleus decays according to Grummirr and WILKINSON (12) with a half-life of 
33 days to Mo%, the upper energy limit of the electrons being 150 keV. The most 
probable half-life is 36 days (4, 31, 16). The 90 hours beta particle activity, al- 
ready observed in 1940 (35), was assigned by ENGELKEMEIR, BRaDy, and STEIN- 
BERG (2) in 1943 to niobium, and by STEINBERG (39) and by HuDGENS and Lyon 
(16) to an isomeric state of Nb**. Jacopson and OversTREET (17) give the half-life 
73-78 hours for this activity. The part of the decay scheme in Fig. | which belongs 


2! Temporarily absent from Istituto di Fisica, Politecnico, Milano. 
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to Zr®® was proposed by Levineer (18), and the Nb—Mo-decay by NEDzEL (28). 
The values for the energies are means of earlier spectrometer measurements. 

The decay scheme Zr%®—Nb%®—>Mo* does not seem to need much improvement, 
only the question about a third -y-transition and the classification of the 720 keV 
level in zirconium remaining unsolved. We had, however, already started an in- 
vestigation of these disintegrations before the scheme in Fig. 1 was published. 
Though our results are mostly in agreement with those given in Fig. 1, our inde- 
pendent investigation may be of some value. We have found slightly different energy 
values, made measurements on the half-life of the niobium isomer, calculated internal 
conversion coefficients, and proposed the parity and spin of the 720 keV level. 

We have on two different occasions irradiated ZrO, in the Harwell pile. Besides 
the zirconium and niobium activities there was a very strong activity of Hf* 
(46 days). The upper energy limits of Zr and Hf!*? are almost the same, and the 
half-lives are of the same order of magnitude. The hafnium activity had therefore 
to be removed, which was not possible by customary chemical methods. Mag. W. 
Fors inc (8) of our institute, using the ion exchange method, succeeded in making 
pure samples of zirconium oxide. 


2. Earlier measurements. The results previously obtained are summarized for 
convenience in Table 1.*) 

The indications for a third decay component in zirconium are very weak. NEDZEL 
(28) found by spectrometer measurements a gamma line of 920 keV energy. The 
existence of the ray is, however, according to NEDZEL, “somewhat doubtful’. The 
value 910 keV, given by MANDEVILLE and ScHErRB (20), does not belong to this 
“third line’. Although it was first related to Zr, it was later assigned to Nb® (21), 
because coincidence measurement showed (22) that the 910 keV gamma ray followed 
the 130 keV beta radiation from Nb®*°. The energy value 910 keV was obtained by 
coincidence absorption techniques and obviously belongs to the 760 keV radiation. 

The spin for the Mo® nucleus has been found by hyperfine structure measurements 
to be 5/2 (Mack, see FEENBERG, 7 b). 


3. The zirconium and niobium sources. For investigating beta spectra, some 
mgs of ZrO., purified by the ion exchange method as mentioned above, were mounted 
on “‘Glasan”’ films of 3 mg/cm? thickness and covered with a 0.1 mg/cm? thick zapon_ 
foil. The niobium samples (Nb,O,;) were separated chemically according to a method 
used in Berkeley? and mounted on backing films in the same way as the zirconium 
samples. The diameter of the samples was 6 mm and the thickness 2-6 mg/cem?. 
When the energy of the gamma lines was determined from the photoelectrons in 
lead, some hundreds of mgs of the radioactive material was enclosed in a small 
brass cylinder, the wall thickness of which was 1 mm. On the base of the cylinder a 
lead foil of 0.03 mm thickness served as a radiator for the photoelectrons. 

4. The beta-spectrum of Zr’’. The high-transmission intermediate image 
beta spectrometer (37, 38) was used for investigating the beta-spectra. The baffles 
: ‘ We are deeply indebted to Mag. W. Forse for all the separations made in the present 
investigations. We also thank Dr Lars MELANDER for many chemical separations of Zr and Nb. 

W. WayNE MEINKE, Chemical Procedures Used in Bombardment Work at Berkeley, UCRL- 
432, Sep. 41-1. Compare the preceding foot-note. 
*) Note added in proof: C. Y. Fan (Phys. Rev. 87, 252, 1952) found the following results for 


Nb®*: Beta-ray end-point energy 160+3 keV, gamma-ray energy 770+10 keV. t i 
conversion coeff. 0.0016+0.00016. : . a e oe ae 
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counts/min. 


2500 3000 3500 4000 He 


Fig. 2. B. The hard beta component and the 720 keV internal conversion line in the beta spectrum 
of Zr®®. C. Distribution of Compton electrons released in inactive ZrO. by the 720 keV gamma 
radiation of active zirconium. F’. Ideal allowed beta spectrum with maximum energy 860 keV. 


ra = 369keV 


10 11 12 13 14 15 16 17 18 Vere 


Fig. 3. Fermi plot for the weak component in the beta spectrum of Zr’. 


in the spectrometer were adjusted for a resolving power of 4 per cent. When the main 
component 8, was studied, using thin sources, this resolving power was achieved. 
However, as the specific activity of the zirconium was low, thick samples had to 
be used when the hard beta component 8, of low intensity (1%) was investigated. 
This circumstance introduced a broadening of the conversion lines (the half-width 
of the KL-line in Fig. 2 is for instance 9 per cent). 

We found two beta components in the beta radiation from Zr®, in agreement with 
earlier results. Fig. 3 shows the Fermi plot of the weaker component 85, the maximum 
energy of which was found to be 369 keV. Another series gave 373 keV. The Fermi 
plot is linear. In Fig. 2 the curve B consists of the harder beta component 8, and 
a conversion line KL, corresponding to the gamma ray energy 720 keV. This con- 
version line conceals the high energy part of 6,. Thus only a small part of the spectrum 
®, 1s free, since the softer beta component masks the low energy part of the spectrum. 
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E a= 84025 keV 


17 20 25. 30 mc: 


Fig. 4. a. Fermi plot for the hard electron distribution in the beta spectrum of Zr®°. 6. Fermi 
plot of the hard electron distribution in the beta spectrum of Zr®’, from which a Compton electron 
_ distribution has been subtracted (compare curve C in Fig. 2). If the «-factor (reference 41) is 
used, the upper energy limit is reduced by 80 keV. 


The Fermi plot of 8, 1s given in Fig. 4, curve a. This should be a straight line 
(or, as we shall find later from the /t-values, show the characteristic “‘«’’ type for- 
bidden spectrum (41), which, however, in the short interval considered cannot be 
distinguished from a straight line). The deviation of the curve from the straight 
line shows some kind of systematic error. This is caused by Compton electrons re- 
leased in the sample itself by the strong 720 keV gamma radiation. In order to study 
the influence of the Compton electrons the spectrum of these electrons was recorded. 
The curve C in Fig. 2 shows the momentum distribution obtained when a disk of 
inactive ZrO, 1.5 mm thick was used as a radiator in front of a sample of active 
zirconium. This active zirconium was enclosed in a brass capsule, the walls of which 
were thick enough to absorb all beta particles from the active zirconium. 

A beta spectrum which is not influenced by Compton electrons should have the 
form F in Fig. 2. The influence of Compton electrons on the shape of the spectrum B 
is obvious. If we assume that 50 per cent of the electrons at Ho =3 000 are Compton 
electrons, and subtract the corresponding C-spectrum from B, we get a Fermi distri- 
bution shown by the curve 6 in Fig. 4. The Fermi plot is now linear, if we exclude 
the part through the last three points, which are obviously influenced by the 720 
keV K-conversion line (the peak of this line should be at W = 2.35 in Fig. 4). For 
the maximum energy of the 8,-component we find 840+25 keV. If, however, the 
a-factor is used, the upper energy limit is reduced by about 80 keV. 

- The occurrence of these Compton electrons makes it difficult to determine the 
beta transition ratio @,/8, from the shape of the beta spectrum. We found, indeed, 
that the ratio obtained depended on the thickness of the zirconium sample, going 
from 3.2 per cent for thicker samples to 2.4 per cent for thinner ones. Because of 
the granular structure of the sample the weight of the sample per square cm is 
not a measure of the thickness, and hence it was not possible to extrapolate the value 
for the ratio to zero sample thickness. The ratio was therefore determined from 


other considerations (§ 9). 
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In zirconium samples of the age of a week or more there is a second conversion 
line, which belongs to the isomer Nb*™. The momentum of the electrons is about 
1700, corresponding (if K-electrons) to a transition of energy 231 keV. As the line 
rises only a few per cent over the B, spectrum, good statistical accuracy is necessary 
in order to record the line. Fig. 9 shows the line separated from the beta spectrum 
background. 

No conversion line corresponding to a gamma ray energy of 920 keV was found 
(28). There was however a weak conversion line corresponding to 1070 keV gamma 
ray energy. The half-life of the line was the same as for Zr®*. The intensity of the line 
compared with the intensity of the 720 keV line was, however, quite different (20% 
and 2%, respectively) in two different samples which had been irradiated at Harwell 
at different times. The 1070 keV gamma radiation may therefore originate in some 
contamination. A special investigation of this question will be made in the future 
(see § 6 and 10). 


5. The beta-spectrum of Nb’. Fig. 5 shows the beta spectrum of Nb®. The 
Fermi plot of the continuous beta spectrum is presented in Fig. 6. The form of the 
plot is linear, the upper energy limit being 159 keV. The dashed line in Fig. 5 cor- 
responds to the straight line in the Fermi plot and may be considered as the beta 
spectrum corrected for the absorption in the GM-window. There is a conversion line 
corresponding to a gamma radiation of 745 keV energy (other measurements gave 
745, 747 and 747 keV, respectively) and a second one, corresponding to 231 keV 
(mean of 231, 232, 232 and 229 keV). The half-widths are 5 and 7.5 per cent re- 
spectively. The second conversion line belongs to the so-called 90" isomer of Nb®, 
found by ENcELKEMEIR, Brapy and STEINBERG (2). We have followed the decay 
of this activity very thoroughly (over a period of more than four half-lives) and 
found a half-life of 84+2 hours (Fig. 7). 


N ies 


x10 


Ey =232 keV 
KL 
14 


Ey =745keV 
KL 


hI 


500 1000 “1500 


3500 4000 He 


Fig. 5. The beta spectrum of N b™. The dashed curve corresponds to an ideal, allowed, Fermi 
distribution. The 232 keV internal conversion line belongs to the 842 Nb isomer. 
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Fig. 7. Decay curve for the 84" Nb® isomer. An approximate value (30 days) for the half-life 
of Nb® is sufficient for a calculation of the half-life of the 84 isomer. 


The decay of Nb® resembles the main decay of Zr®. In both cases the beta emis- 
sion is followed by a gamma ray of almost the same energy, 745 and 720 keV, re- 
spectively. It was therefore interesting to see if there was a Compton distribution 
of electrons released from the niobium sample by the 745 keV gamma radiation, 
similarly to that in the case of zirconium. Fig. 8 shows that this does in fact happen. 
The curve B obviously consists of such a Compton distribution and the internal 
conversion line. The Compton electron distribution curve C was obtained in a 
way similar to that for zirconium: a 1.5 mm thick disk of inactive Nb,O; was ir- 
radiated by the 745 keV gamma radiation emerging from some hundreds of mgs of 
active Nb,O; enclosed in a brass capsule, the walls of which were thick enough to 
absorb all beta particles from the active niobium. The curve C shows in addition 
the external conversion line of the 745 keV gamma radiation. 

In the case of niobium there is no risk of confusing the Compton distribution in 
the curve B (Fig. 8) with a possible harder beta component, because the beta spec- 
trum of niobium does not hide the Compton distribution. If we take only that part 
of the curve B which lies between the H o-values 2 500 and 3000 (as in the case of 
zirconium), and consider this part as part of a harder beta component of upper energy 
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KL 
Ey =745keV 


2000 3000 4000 He 


Fig. 8. B. The internal conversion line of the 745 keV gamma radiation together with the spec- 
trum of the Compton electrons released in the sample itself. C. Distribution of Compton electrons 
released in inactive Nb2O; by the 745 keV gamma radiation of active niobium. 


limit 860 keV, then we find that this component should amount to about 1.4 per 
cent of the real beta spectrum. 

This circumstance shows that in the case of zirconium the harder beta com- 
ponent possibly amounts only to 2.4—1.4=1 per cent. We will see below (§ 9) that 
this in fact the case. 


6. The photo spectrum of Zr’’. The secondary electron spectrum from a lead 
converter of thickness 0.03 mm was investigated. Besides the Compton edge 
there was a strong photo line corresponding to a gamma ray energy of 722 keV _ 
(mean of 719, 722 and 726 keV). No photo line corresponding to the 231 keV transi- 
tion was found, which agrees with the supposition that the transition is completely 
converted. 

Particular care was devoted to the search for a gamma line (28) in the vicinity of 
920 keV. No such line was found, however, but the K, L photo line belonging to 
the 1070 keV gamma radiation was recorded (compare § 4 and 10). 


7. The photo spectrum of Nb’. Only one conversion line was recorded, the 


unresolved group of K-, L- ... lines corresponding to the gamma ray of energy 744 
kev (mean of 752, 743 and 738 keV). 


_8. Conversion coefficients. We have measured the total conversion coeffi- 
cients (%q +a,+-::) of the internal conversion lines. The result is seen in Table 2. 


The theoretical K-shell internal conversion coefficients (34) for the Zr®® 721 keV 
and Nb*® 745 keV transitions are given in Table 3. 
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Table 2 


Experimental values for the total conversion coefficients 


Y-Tay K+ D+ ov0 
Zr? 72) keV 0.0024 
Nb® 745 keV 0.0024 
Nb®™ 931 keV co 
Table 3 


Theoretical values for the K-conversion coefficients, Rose et al. (32) 


Y-Tay | hy | ae | a3 | By | Bo 


0.0035 | 0.0014 | 0.0038 | 


Zr®> 721 keV 0.00055 0.00148 
0.0031 0.0013 0.0035 | 


Nb® 745 keV 0.00051 0.00132 


We have measured the total conversion coefficients. The K-conversion coeffi- 
cients are at least 12% smaller than the total conversion coefficients. We thus get 
the upper limit 0.0021 for the K-conversion coefficients, and conclude that the gamma 
radiations considered must be electric quadrupole or magnetic dipole. 


9. Determination of the ratio B,/B, for Zr°’. We have used three different 
methods to determine the ratio B,/8, between the hard and the soft beta components 
in the beta spectrum of Zr. The three methods are: 


1) Calculation of the areas under the ideal 8, and 8, components, constructed 
by means of the Fermi plots. 


2) The 8, component is followed by the completely converted 231 keV transition. 
The ratio of the area of this conversion line to the area of the whole beta spectrum 
of Zr® thus gives the ratio @,/8, (provided the 84" Nb® isomer is in equilibrium 
with the Zr*), 


3) After the separation of Nb® from the active zirconium the 231 keV transition 
conversion line and the continuous beta spectrum of niobium are recorded. The 
area of the line and that of the beta spectrum are measured and the size of these 
~ areas at the time of the separation calculated. The amount of niobium 95 which 
has grown during the time from the irradiation of the zirconium in the pile until 
the separation can easily be calculated, and hence the ratio %,/8, determined. 


The application of the first method has already been described. It was found 
that the 720 keV gamma radiation introduced Compton electrons which masked 
the true form of the 6,-spectrum. By estimating the size of this disturbance, the 
ratio 8,/8. was estimated to be of the order of one per cent. 
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Fig. 9. Internal conversion line of the 84" Nb® isomer, separated from the beta spectrum of Zr*’. 


The second method is laborious, because the conversion line rises only a few per 
cent over the continuous ®,-spectrum. We have made several runs in order to get a 
statistical accuracy of 1% for the points investigated. Fig. 9 shows the conversion 
line obtained when the difference between the counts measured and the counts 
computed from the Fermi distribution is plotted as a function of the momentum 
of the electrons. The value obtained in this way for the ratio 8,/@, is 1.0+0.2 per 
cent. 


When the third method was used, it was found that the area of the 231 keV 
conversion line was 1.37 per cent of the area of the niobium continuous beta spec- 
trum at the time of separation. Considering that the amount of niobium was, at the 
time of separation, 73 per cent of that of zirconium, we get for the ratio B,/8, the 
value 1.00+0.1 per cent. 


We thus find by three different methods the value 1% for the ratio B,/(». 


10. Scintillation spectrometer measurements.! No yy-coincidences were found. 
As well as the 720 keV line, the gamma spectrum of Zr® showed the already 
mentioned gamma line of 1070 keV energy. The intensity was about 2% of that of 
the 720 keV line. These measurements were made 6 and 8 months after the beta 
spectrometer measurements, and showed that the half-life of the 1070 keV radiation 
was the same as that of Zr® (see § 4 and 6). 


11. The ft-values for the beta transitions. From the relative intensities of the 
beta components in the beta spectrum of Zr, we found, using the /-values computed 
by Frensere and Trice (7 a), the following ft-values (Table 4). 


The classification of beta decay according to Mayer, Moszkowski and NoRDHEIM 
(23) is given in the last column. 


' We are greatly indepted to Civiling. Bs6rn~ Astrém, who kindly made these measurements. 


Details of the scintillation spectrometer will soon be published by Astrém in Arkiv fér 
Fysik. 
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Table 4 


Data for the beta transitions 
eS 


Nucleus eye log ft Classification of B-deca | 
B-energy keV y 
Zr” 860 9.75 (c) AIT=2. Yes, first forbidden 
» Dy 6.47 (b) AT=0,1. Yes, first forbidden or 
(d) AIT =1. No, Al=2, I-forbidden 
Nb®%® 159 5.09 (a) JI2=0,1. No, allowed. 


12. The decay scheme. The classification of the levels in Fig. 1 are in ac- 
cordance with the spin orbit coupling scheme (15, 24). Nuclear isomerism is to be 
expected for the niobium levels goj. and 1/2 and the classification of the 860 keV 
beta transmission (Table 4) shows that the ground state of Zr® is a ds5)-level, as 
proposed by Mayer, Moszxkowsk1, and NorpHEIM (23). The isomeric state is fed 
by the 860 keV beta transition and deexcited by the completely converted 231 keV 
transition. This level must therefore be a 71):-level. Beta transitions to the go/2-level 
should give AJ=2, no, and be second or higher forbidden. 

The fé-value for the main beta decay gives a choice between (b) (AJ =0,1, yes, 
first forbidden) or (d) (AJ =1, no, A1=2, l-forbidden). The first possibility (b) in- 
volves 3/2 or fs;2 for the 721 keV level. Both possibilities should, according to the 
y-selection rules of Dancorr and Morrison (1b) (or in the form given by Goup- 
HABER and Sunyar (10)) give rise to a strong gamma ray to the 4);2-level and no 
observable transition to the ground level, quite contrary to the experimental facts. 
An fz/2-level should indeed give the 721 keV gamma transition to the ground level 
992, but this ray should be electric dipole, in contradiction with the measurements. 


gz, 9% 


745 keV 


d5 


Stable Mo” 


Fig. 10. Decay scheme of Zr*° and Nb’, with data measured in the present work. 
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Thus there remains the possibility (d), that the 371 keV beta spectrum is l-forbidden 
with AJ =1, no, A1=2, which gives gz). for the 721 keV-level. 

Fig. 10 gives the decay scheme of Zr® and Nb* with the data obtained in the 
present work. The assumption of gz). for the keV level explains the fact that there 
is no observable gamma-transition to the py,j)-level (A/=3, yes, E 3, transition 
order =3), but only a transition to the ground level (AZ=1, no, M l, transition 
order =2). The internal conversion coefficient measured agrees with this explana- 
tion (§ 8). 

The excited 745 keV level of Mo® may be a gzj-level, as proposed by Fan (6), 
or a gop-level, as suggested by Mepicus et al. (25). In both cases the 6-spectrum has 
the allowed form with no parity change, and the gamma radiation will be magnetic 
dipole or electric quadrupole, respectively. The transition orders are in both cases 2, 
and the conversion coefficients are almost exactly the same. 


SUMMARY 


1. Zirconium oxide was irradiated by neutrons in the Harwell pile and the active 
zirconium separated from impurities (mostly Hf) by means of the ion exchange 
method (separation performed at this institute by W. Forsling). 

2. The beta and gamma radiations from Zr, Nb®>, and Nb*™, were investigated 
by means of the intermediate image beta spectrometer as well as by means of a 
crystal scintillation spectrometer (the scintillation spectrometer of B. Astrom). 

3. The half-life of the Nb®°-isomer was found to be 84+2 hours. 


4, The ft-values for the beta transitions and the internal conversion coefficients 
for the gamma radiations were determined. 

5. The decay scheme for Zr® and Nb*™ proposed by LEvINGER (18) and the decay 
scheme for Nb® suggested by NepzEL (28), were confirmed. The slightly different 
ae values and other data found are given in Table 1 and in the decay scheme of 

ig. 10. 

6. The doubtful 920 keV gamma radiation observed by NepzEt (28) in the decay 
of Zr®> was not found, but a 1070 keV gamma radiation was recorded. The half- 
life of the radiation was the same as for Zr®, but the intensity compared with that 
of the 721 keV line was not the same in two samples irradiated at different times at 
Harwell. The 1070 keV gamma ray may therefore originate in some contamination. 


fs The experimental results agree with the supposition that the 721 keV level of 
Nb® is a g7/2-level. 
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Communicated 27 February 1952 by Manne Simgpann and Erik Hunrutn 


The ultra-violet band-system of silicon monoxide 


By Avsin LacEerogvist and ULLtA UHLER 


With 3 figures in the text 


Abstract 


The ultra-violet bands of SiO, which consist of a single 1I] —1X system, 
designated AX, have been the object of a new rotational analysis, in which 
the following bands have been examined: 0,4, 0,3, 0,2, 0,1, 1,0, 1,1, 1,5, 2,0 and 
2,6. The constants derived are: 


By =0.7272, — 0.0050, (v"” + 4) em B, =0.6312,—0.0069, (v' +4) 
Pee 1.02% 10. DD’ =1.43xi10°* 
te =1.509x10-%cm re =1.620x10-° cm 
®e ...= 1241.4, We =852.7, 
We te =5.9, We te = 6.4, 


In the upper state several perturbations have been found. They appear to 
arise from interactions with four electronic states. Three of the perturbing states 
are singlets, one is a 1X, the other two 1I or ‘A, the fourth one is a 3X7 
state. The analogy with the spectra of CO and SiS is striking. A fair amount 
of information has been obtained for the 3X” state. We have wsy-~700 and 
Bsy~ 0.52. 


§ 1. Introduction 


SiO is allotted a band-system in the ultra-violet region from about 2000 A 
to about 3000 A. The spectrum is obtained in flames into which SiC1, is intro- 
duced, in discharge tubes with SiCl, and oxygen and very strongly in arcs. 
Head measurements have been performed by Jevons (1924) and SHarma (1944). 
A rational analysis has been carried out by Saper (1932). His analysis shows 
that the spectrum consists of a band-system of singlet structure, the transition 
1]]—1. This system reminds one of the corresponding systems in CO (fourth 
‘positive system, CAMERON, 1927) and in SiS (Barrow, 1946). Saper notes that 
the upper levels are perturbed. He does not, however, make a complete inves- 
tigation of the nature of the perturbing states. The perturbations in the corre- 
sponding states in CO and SiS have been rather carefully investigated (CO: 
Coster and Brons, 1934, Scumip and Gero, 1935, Bupé and Kovacs, 1938; 
SiS: Lacerevist, NILHEDEN and Barrow, 1952). Thus it seemed to us to be 
of interest to re-analyse the.SiO spectrum with special attention to the pertur- 
bations. 
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§ 2. Experimental 


The SiO bands were obtained by using an are burning between two carbon 
electrodes, the lower one positive, the upper one negative. The lower electrode 
was filled with small crystals of silicondioxide. The voltage was 440 D.C. 
and the current about 5 A. The bands appeared with good intensity. They 
were photographed in the first and second orders of a 21 ft. Wood grating 
with 165000 lines. The dispersion in the first order is about 1.3 A/mm and 
in the second order 0.6 A/mm. When taking the second order plates we used 
a liquid filter consisting of nickel and cobalt sulphate (BACKSTROM 1940) to get 
rid of the first-order lines between 4000 and 5000 A. This solution absorbs 
almost all of the blue light but transmits the ultra-violet part of the spectrum. 
The exposure-time on I]ford-Zenith plates was 2.5 hours in the first and 10 hours 
in the second order. The first-order plates were over-exposed in order to obtain 
a measurable plate of the 2,0 band, which was too weak in the second order. 
Tron lines served for comparison. (The M.I. T. Tables 1939.) 


§ 3. Structure of the bands 


The appearance of the structure of some of the bands is shown in the repro- 
ductions in Fig. 1. The band-origins are given in Table 1. The wave-numbers 
of the band-lines will be found in Tables 2—4. Overlapped lines are indicated 
with an asterisk. All bands except the 2,0 band were measured from second- 
order plates. Tbe accuracy in the line measurements is estimated as 0.05 em7?. 
The measurements of the first-order plate are less accurate. To designate the 
perturbations two types of printing are used in Tables 2—4. 


Table 1 
Band-origins 


The differences between calculated and observed values are given in brackets. 


6 | 37107, 
(— 0.86) 
5 37 450.¢, 
\= 0.04) 
4 
3 38 987.4 
(+ 0.12) | 
oO Goa. 
2 40 193.99 
a 0 Jeg Up 
LETT, 
1 41 410.74 
Oa) 
0 4348014 826.7 44 306.5, : 
Ca Oal pa (+ 0.81) 
wy’ a 
By 0 1 2 
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A. LAGERQVIST, ULLA UHLER, The ultra-violet band-system of silicon monoxide 


Table 2 


Wave-numbers for the 0,1, 0,2 and 0,3 bands 


J Q(0,1) R(0,1) P(0,1) Q(0,2 R(0,2) P(0,2) (0,3) R(0,3) P(O, 
EET a ec |e 
6 41 398.38* 
7 96.32* 
8 94.08*| 40 188.76 
9 141 402.94* 91.42*| 86.87 
10 00.64*/41 414.34 | 88,08 84.97% 
11 398.38, 13.44| 84.87 82.40* 38 976.23* 
12 96.32) 12.62*| 81.44 80.16* 74.15* 
13 94.08%, 11.57 | 77.64 77.38* 72.02 
14 91.42*| 10.17] 73.99 74.77% 40 156.40*| 69.78 38 952. 
15 88.72] 08.76] 69.95 72.16* 52.66*| 67.27 48. 
16 85.74 | 06.98| 65.76 69.41* 48.85*| 64.71 44, 
17 82.55 | 05.05] 61.44 66.39* 44.90*| 61.73 40. 
18 79.22 | 02.94%, 56.89 63.15* 40.59*| 58.91 36. 
19 75.93*| 00.68%] 52.13 | 159.66*/40184.97*|  36.05*| 55.74 |38980.89 | 39. 
20 72.18 | 398.38* 47.18 56.40+ 82.40*| 31.95 52.49%, 78.74 | 97, 
21 68.39 | 95.65] 42.05 52.66% 80.16*| 26.30 49.12% 76.234, 99, 
22 64.25 | 92961 36.82 48.85* 77.38*| 21.96 45.55*| 74.15*| 17, 
23 60.06 | 89.90! 31.98 44.90*| 74.77% 15.91 41.76 71.48 12. 
24 55.66 86.65 25.58 40.59*| 72.16% 10.49 37.73 68.85 | 07, 
2 19.38 36.05*| 68.67 r : 
26 46.17] 79.68} 13.48*| 31.79 65.46 tes ic ee aes end 
27 41.18] 75.93*| 07.9341 9701 61.91 93.12 24.89 59.71 91, 
28 35.98 | 72.18*| 00.91*| 29:05 58.16 86.92 20.25 | 56.28 85: 
29 30.57 |  67.85*| 294.97*/ J711*| 54.40 80.55 15.30 | 52.69%; 79, 
30 25.05 | 63.55 | 87.52*| 11.71" 50.38 73.90 5 * 
31 19.38*/ 59.05 | 80.53 06.19*| 46.18 67.26 sea oe a 
32 13.48%] 54.41 73.37 00.43*| 41.70 60.52 00.04 | 41.03 59.! 
23 07.23 49.40 65.04 004.82 37.03 53.46 | 894.47 36.58 | 53; 
: 73 32.93 46.26 88.82 | 32.11 46, 
35 204.27¢/ 39.77 | 50.55 82.51 28.17 38.66 82.83 | 98.41! 39) 
36 88.46*| 34.00 | 49.49 76.95 22.74 30.83 77.74| 93.43| 9315 
31 $1.19 | 28.17 | 35.19 70.05 ELIT aon line 71.17 | 1839| 9o@m 
38 74.07 22.40 26.46 63.26 11.71*| 15.80*| 64.82] 1331| Tae 
17.98 56.48 06.19*| 07.56*| 58.301 08.011 og 
40 
40 59.28 | 10.111 09.99 19.32 00.43 |39999.25*| 51.67| 02.59% p14 
51.64| 03.701 00.39 42.15 094.17 90.92 44.79 * ; 
42 43.76 | 297.05 | 19127| 34.63 87.86 s2.26¢| 3787| onoee| cal 
43 35.73*| 90.21| 82.03 | —97'93 81.61 7333 | 30e¢| seeee| oa 
44 27.61| 83.24| 7958 19.25 75.02 64.35 93.33% Ae He 
45 19.05 | 76.03 | 69:95 11.29 68.25 
55.18 15.79*| 72.75%, 59.9 
46 10.41| 68.59| 53:06 03.14 i 
47 01.56| 61.02| 42.97 139994 80 ie ane nae roy ae 
48 | 192.67*| 53:17 : ; ; ; ; 
48 yeep ae 32 74 S617 46.98 26.46 | 792.17*| 59.68 39.4 
) : atom line 16.37 83.97 45.62 23.1 
50 74.07*| 37.03 Ti; , 
60 ve.or" 3 1.65 68.63 31.66 06.35 75.63 | 38.53! 138 
be ge oh al cage 59.54 | atom line 896.06 67.05 31.24 03.4 
; 15 50.25 15.80* 85.49 58.2 r 
= a : Y 29 | 23.53*| 6936 
581 11.21 78.69 40.86 07.56*| atom line | 49.38 | 15.79*| 93.4 
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Table 2 (cont.) 
ne 
J Q(0,1) R(0,1) P(0,1) Q(0,2) R(0,2) P(0,2) Q(0,3) R(0,3) P(0,3) 
rem a gg er) ee a pt 
54. 34.49 02.27 67.06* 31.21 | 39 999.25* 63.97 40.34 08.12* 78.82 
15 24.06 193.04 55,61* 21.36 90.36 53.02 31.08 799.92* 62.69 
6 13.44 84.55 43.66 11.34 82.26* 41.84 21.54 92.42* 52.02 
7 02.60 74.07* 31.62 01.13 72.64 30.34 11.91 83.32 41.19 
8 091.59 64.41* 20.29 890.63 63.34 19.47 02.10 74.74 30.79 
9 80.35 54.53* 07.15 | atom line 53.93 07.16 692.22 65.93 
0 68.90 44.11 |40 994.69 69.24 44.33 795.09 81.90 56.89 
1 57.11 33.68 81.89 58.09 34.58 83.01 71.32 47.68 
2 46.12 23.10 68.96 47.77 24.63 61.45 38.35 
3 33.76 12.31 55.76 36.12 14.47 50.54 28.91 
4, 21.50 01.13 42.36 24.46 04.02 39.53 19.01 
5 09.05 089.75* 28.81* 12.76 893.60 28.34 08.79 
6 |40 996.52 78.69% 15.35* 00.76 82.91 699.30 
7 83.67 67.06* 00.56 788.68 71.93 88.89 
8 70.64 55.36*| 887.00 76.30 60.70 78.37 
9 57.53 43.01 72.40 49.36 67.84 
0 44.12 30.70 57.75 37.79 56.97 
a 30.49 18.07 43.02 26.14 45.88 
2 16.58 05.48 27.98 14.14 
3 02.53 | atom line 12.75 01.94 
a 888.17 |40 979.67*| 797.31 789.64 
5 73.50 66.33 81.63 77.03 592.43 
6 58.85 52.85 65.78 77.36 
aT 42.50 38.96% 49.64 61.98 
8 29.77 25.21 33.55 46.61 
9 14.15 10.90 16.76 30.98 
0 798.47 896.52 00.02 15.19* 

1 82.62 81.82 683.22*| 39 598.16 498.89* 
2 66.56 67.02 66.17 82.91 82.68 
3 50.34 51.70 67.51 66.14 
4 33.55* 37.55 51.77* 49.38 
5 15.70 21.40 atom line eco 
6 00.59 05.66 20.62 16.24 
7 683.22 789.59 04,32* 398.28 
8 73.42 487.86* 594.93 80.67 
9 56.98 71.20 79.42 62.88 
0 40.32 54,38* 63.78 44.92 
1 23.46 37.41 47.86 26.76 
2 06.29 20.08* 31.84 08.35 
3 689.04 02.58 15.19* 289.70 
4 71.28 384.83 498.89* 70.95 
5 66.95 81.91 51.99 
6 48.77 64,88 32.79 
7 30.52 47,64 13.36 
10.53 
8 { 12.63 30.15 193.73 
9 293.16 12.37 73.81 
0 ip 394.46 53.79 
l 54.89 76.30 33.37 
2 ~ 35.50 58.06 12.83 
3 15.78 39.35 092.12 
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Table 2 (cont.) 


J (0,1) R(0,1) P(0,1) | @(0,2) | R(0,2) P(0,2) Q(0,3) R(0,3) P(0 
| 

104 195.86 20.48 71.10 

105 75.67 01.37 | 50.05* 

106 55.22 282.10 | 28.58 

107 34.23 62.56 | 06.71 

108 14.42 42.72 

109 293.17 22.68 

110 71.82 02.64 

111 50.05* 181.70 

112 28.05 61.53 

113 09,.48* 40.44 

114 LINZ 

115 97.66 

116 75.99 

117 53.90 

118 31.83 

119 09.48* 


All the perturbations are rather faint and only in a few cases have extra 
lines been found. 

Not all lines in the 0,2 band were measured. This does not, however, influ- 
ence the analysis, because the part omitted in the 0,2 band is analysed in the 
0,1 band. As a rule the first 60-70 lines in a branch of a band are situated 
before the next band-head in the same sequence. Owing to the great number 
of lines, we have concentrated our measurements to a selection of bands most 
convenient for the analysis and representing the levels v’=0, 1, and 2. In these 
bands we were able to pick out the Q@-branch of the 0,4 band and the three 
branches of the 1,1 band for lines with higher J-values. This was valuable as 
a check on the analysis. 

Silicon has three isotopes. Attention has been paid only to the most abundant 
one Si (92.2 %). 


§ 4. Determination of rotational constants 


The rotational constants for the lower unperturbed v’’-levels have been deter- 
mined with the weighted centre-of-gravity method (see Lacerevist, Linp and 
Barrow, 1950). 

The rotational constants of the upper perturbed v’-levels have been determined 
in a different way. The method introduced by Ger6 (1935) for detecting pertur- 
bations in the upper state was used. The following expressions are formed 


R(J—2)—R(J-1)+P(J)—P(J 41) 
AJ 


@(J—1)—Q(/) 
2J 


= B"— Bi+6D'-2J2(D"—D’) (1) 


= B" — Bi -8J2(D" — D’). (2) 


Plotting the left-hand-side expressions against J2, one obtains A B as the inter- 
cept at J=0. AD is obtained from the slope. As B’” and D” have already 
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Table 3 


Wave-numbers for the 0,4 and 1,1 bands 
I eae ee 
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J Q(0,4) Q(1,1) P(1,1) J Q(0,4) Q(1,1) R(1,1) P(1,1) 
65 37 455.93* 94 74.90* 38.72 25.52 
66 45.27* 95 58.96* 18.49 03.58 
67 34.36* 96 42.69 298.19 |41 412.62*| 180.59 
68 23.50* 97 26.25 77.53 392.96*| 62.95* 
O). QQ* 
“ts a 98 \ hes 56.48 73.39 | 39.69 
70 01.09 99 36 992.94 Solon 53.43 17.65 
ae 389.59 
72 77.95 100 75.94 14.74 33.16 095.18 
73 66.11 101 58.71 192.61* 12.69 72.41 
74 53.98 102 41.35 76.32 291.89 49.47 
75 41.66 103 23.67 53.06* 70.78 26.06 
76 29.14 104 05.88 30.22 49.12 02.74 
77 f 15.48 105 887.82 07.25 28.57*|40 978.99 
\ 19.36 106 69.46 083.54 04.87 54.74 
78 04.83 107 50.59 58.47 183.38* 31.68 
79 291.69 108 33.03 34.92 61.90 06.25 
109 13.98* 11.06 881.82 
80 78.28 
81 65.01 110 794.70 | 40 987.30 
82 51.46 lll 75.37 63.09 
83 37.60 112 bob T* 38.78* 
84 22.96* 113 38.70 13.85 
85 10.63 114 16.25 889.09 
86 195.69* 115 696.05 63.85 
87 81.32 116 75.64 38.35 
88 66.59 117 55.05* 
89 51.92 41 328.76 118 383.91* 786.81 
119 60.28 
90 36.79 | 41 416.31 08.71 
91 21.62 396.85 288.46*| 120 33.55* 
92 06.11* 78.24 67.88 121 06.29 
93 090.58* 58.50 47.17 122 679.18 
been obtained with the method, as mentioned above, it was possible to deter- 
mine B’ and D’. The B-values B. and Ba from the two A-type doubled terms 


do not differ in any higher degree, so we have taken their mean as an effec- 
tive B’-value. When forming the combination defect 


R(J)—Q(J)-—Q(J +1) —P (J +1) ~2 (Ba — Be) (J +1)? 


we obtain Bz,—B,= —0.0000, for v'=0, and — 0.0000, for v’=1. 
The error in the B-values is roughly of the magnitude + 0.0002. 
The rotational constants are given in Table 5. 
The calculated values are found from the expressions: 


By = 0.7272, — 0.0050, (v + 4) 
B, = 0.6312, — 0.0069, (v+ 4). 

The mean of the observed: D’’-values is 1.02x10~°, of the observed D’-values 
1.43>10°°. 
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Table 5 


Rotational constants for the 4 1II and X 15 states 
SS 


na, vt / 
v Bobs. Beaic. Dops. Bove. Boalt Doe 
0 0.7247 0.7247, 1.04 x 10-6 0.6278 0.6278 | 1.43 X 10-6 (from 7 observations) 
i 0.7195 0.7197 0.99 0.6209 0.6209 | 1.42 (from 4 observations) 
2 0.7149 0.7146 1.03 0.6139 0.6139 | 1.46 ( » a » ) 
33 0.7095 0.7095 (1.10) 
4 0.7044 
5 0.6992 0.6994 1.00 
6 0.6943 0.6943 1.06 


The internuclear distances are: 
te =1.509x10-* cm and 7rz=1.620x 107° cm. 
Kratzer’s relation (De =4 B2/w2) gives Dz’ =1.00x10~° and D;=1.38 x 107°. 


§ 5. Determination of vibrational constants 


The origins of the bands, calculated in the usual way, have already been 
given in Table 1. The upper-state vibrational constants w, and w.a, have been 
computed from the origins. As the lower state is unperturbed, it is possible to 
use a more accurate method for the determination of w.’ and w,'x,’. The follow- 
ing expression is formed for the Q-branches of two bands with the same upper 
level but with different lower lewels (¢ and 4), 


vr 


A =Q(J)v-vf — Q(J)v-v = % (v' v;')— % (v’, vn) + (Bu — Bi \J (J+ iy 


If one plots A against J(J+1), the difference »9(v',vi’)—1(v', vr) =@” (vi) — 
—G'' (v,) is graphically obtained. All possible combinations have been treated. 
This method is not convenient for perturbed levels. The constants derived are: 


Oo eo; Ge = 1241.4; 


LP th 


Gete= 6.4, We Le = 5.95 
Ve = 42834.9, 


§ 6. Perturbations 


Saper (1932) reported in his paper that the Q-branches are perturbed owing 
to interactions of the upper levels with unknown electronic states. He dit not, 
however, make a complete investigation of the perturbations, doubtless for the 
simple reason that good methods for the treatment of perturbations had at 
that time not yet been worked out. 

We have found many perturbations in the upper-state levels in the Q-branches 
and in the R and P branches. The lower levels are unperturbed. The pertur- 
bations were detected by forming the expressions (1) and (2) and plotting them 
against J (Fig. 2). Information on the perturbations is summarized in Table 6 
and in Fig. 3. The figure shows the upper vibrational levels plotted against 
J(J+1). In the diagram, circles, triangles, squares and crosses indicate the 
positions where the perturbations culminate. 
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10 20 30 40 50 60 70 80 90 100 110 120 


; °0) 
on | V80°, RP F e e F F 


10 20- 30 40 50 60 70 80 90 100 110 


120 4 


Fig 2. The variation of AB with J. For the R and P branches [KR (J -—2)-R(J— 1)+P(J)- 

—P(J+1)/4J is plotted against J. In certain regions, where the P-branch is not analysed, 

[R (J-—2)-—R(J-1)]/27 is used. This is in the figure indicated by an Rk; 0,1 R, 0,2 R ete. 
For the Q-branches [Q (J — 1)—Q(J)/2J is plotted against J, 


a. The perturbing states 


The perturbations found may be explained by the interaction of four per- 
turbing states, a triplet one and three singlet ones. These states are here called 
e, Ff, I and G. Three of them seem to lie lower than the 41II state. State 
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e is probably *X”, as in the CO and SiS spectra (Coster and Brons 1934, Bund 
and KovAcs 1938, LacErgvist, NILHEDEN and Barrow 1952). At a 2X 411 
perturbation there are three interactions: the 3x, component perturbs the c-terms 


in “II and the *X, | and °x,, components perturb the d-terms. In this way 
the spectrum shows a perturbation in the Q-branch at a certain J-value and 


Table 6 


Summary of the perturbations 


J* 
vw Bs Us Cs + V4 Perturbing state 
Tele Q RP 
0 36.1 36.3 — — f ~ 42 800 JN orp AA) 
0 57 62 66.5 0.519 e 43 068 @ 23 
0 — 71.5 — = a ~ 43 300 4 RDS 
0 85.5 85.3 — _— Hap il —- fF 
0 not found 98.5 not found 0.511 e+1 43 751 e 
0 _- 108 —_ 0.514 a+1 — if 
0 113 113 a 0.514 f+2 — F 
1 44.6 49.5 53.6 0.511 e+l 43 744 e 
il — 67.5 — 0.514 a+1 —- I 
1 75.8 75.6 a 0.514 fete _ Fr 
1 87 91.5 96 0.509 Qao74 44 409 e 
1 — 101.5 — 0.509 +2 — I 
il 106.5 107.5 _ 0.508 f+3 — F 
il — 117.5 ane 0.505 e+3 e 
2 27.5 31.8 37.5 0.509 e+2 44 412 e - 
2 — 56.3 — 0.509 a+2 —_ df 
2 62 61 — _ g i= G +II or 7A 
2 65.5 66.5 — 0.508 f+3 —- F 
2 79 83.5 88 0.505 e+3 45 054 e 
2 — 94 -— — t+3 —- I 
2 — 100 — — f+4 —- F 
2 = 111.5 — — e+4 — e 


two perturbations in the R and P branches, situated one at a higher and one 
at a lower J-value than that for the Q-branch. The state F is a 1II or a1A 
state. As both the A-type terms of A!II are perturbed, it cannot be a 1% 
state. The state F is also found in SiS. The state G is of the same type as F. 
Only two GA-interactions are found, one in the @Q-branch and the other in the 
R and P branches of v’=2 in A. The J-state must be described as a 1X” state, 
as only the c-terms of A1II are perturbed. The same state is discussed in CO 
and an extension of the analysis of the SiS spectrum shows the same in D1II 
of SiS (NILHEDEN, private communication). 

In Fig. 3 the eA-interactions are indicated by circles, FA-interactions by 
squares, /A-interactions by crosses and GA-interactions by triangles. Filled tokens 
are used for perturbations in the Q-branches, open tokens for those in the R 
and P branches. 
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537x109 
W 


- — _L — —L—___ i. — —— — —t — a 
1000 3000 5000 7000 9000 11000 13000 15000 


Fig. 3. Perturbations in SiO-term-values plotted against J(J+1). For the sake of clarity, 

only a few of the perturbing levels are drawn. Perturbations with e 3X are indicated with 

circles, J*’X” perturbations with crosses, F II perturbations with squares and G'II interac- 

tions with triangles. Filled tokens are used for interactions in the Q-branches, open tokens 

for those in the R and P-branches. Half-filled tokens where Q interactions coincide with RP 
interactions. 


b. Determination of constants for the perturbing states 
The e®X~ state 


KovAcs (1950) has developed the method for determining B and C values 
for perturbing states if at least two extra lines at consecutive J-values are 
known. Only in one case in the present analysis have we found two extra 
lines, namely in the Q-branch of the 2,6 band at J=31 and 32. Kovacs has 
shown that it is possible to treat a 3©> 11 perturbation in the Q-branch as a 
singlet-singlet (1X1II) interaction. The B;,- value may be computed from 


ae Br+Bs,- 3 
a = Bs 


© € -) 
2 2 


where /= (3) 


and the indexes 1 and 2 indicate the two interacting levels. 
Another method for obtaining the B;,-value at a %D~1]I perturbation is 


the following. The terms of 11] and 33- may be written approximately 
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ke =B,J (J+ 1) 
Fiz, = C+ Bs, (J +1) (J +2) 


P= =C+B,, J (J +1) 
Fz =O4 By (J—1) J. 


J+1 


We assume that the interactions of the three 3X~ components culminate at 
the J-values J,, J, and J;(J,>J,) in the 4II levels. From the expressions of 
the terms at the perturbations in the R and P branches at J, and J; we get 


Ja(dat Ll) — dada Ll) 


Bs Be aa) a el) es “) 


This method is in the following called the J,, J, method. 

According to a third method one calculates the perturbing B-value from the 
slope of the energy-level curve (se Fig. 3). At two consecutive II vibrational 
levels the perturbations (in the Q-branch) occur at J =J, in (v’ +1) and at J in 


/ 


v’. If one neglets the effect of the D-values the perturbing B-value is 


DR Jaiael) = Baw Jn) cel) 10n 41) — 600) 


Bos Ts(Ig+1)—IaJy+ 1) : 


where Gy is the vibrational energy of II. This method is here referred to as 
the slope-method. 

Some B-values of the perturbing e*X state are determined with these three 
methods. The lowest vibrational e?X Jevel found (at J~62 in v’=0) is given 
the vibrational quantum number e, the others (e+ v). The B’*” values obtained 
are given in Table 7. 


Table 7 
The observed B-values of the e?X7~ state 
OS gy Bem with »the extra| B@+” with the J,, J; Bete with the Ve aa 
in eX line» method method slope-method 
e 0.514, 0.519 
e#l 0.5090 0.5144 0.511 
+2 0.509 f0.51e 0.50 0.509 
oe Bish, (0.50.5 9% 
e+3 0.5095 0.50,, 0.505 


‘The observed B-values follow approximately the equation 
B**=0517 — 0.004 4: 
The C-values given in Table 6 are determined with the approximate equation 
Cn pre perry (6) 


where J* is the J-value obtained from Fig. 2. 
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In one case (from the perturbation in the 2,6 band at J=31 and 32) the 
folloving more accurate equation was also used 


C= 0+ B+4{(J-1)[Q(1)+Q' (-(F+11Q(J-1) +O (J-)I. 
The calculations show that w:>686 and that w.rx.~4. 


The F (+II or 1A) state 

The magnitudes of the observed B and C values are of the same order as 
those for e?X~. The B-values are obtained with the slope method. It is impossible 
to decide the absolute numbering of the vibrationa! levels. 


The I1X. state 
The B-values, determined from the slope, are of the same magnitude as those 
for e and F. The absolute vibrational quantum number cannot be stated. 


The G (IL or 1A) state 

Only one perturbation in v’=2 is found. Nothing can be said about the 
B-value. As the G-state does not perturb v’'=1 and 0, it is not quite out of 
the question that the perturbation found emanates from v=0 in G. It is, 
however, impossible to be sure of this. It may happen that the perturbing 
matrix elements for interactions between lower G-levels and A-levels are too 
small to produce observable perturbations. 


Comparison of SiO with CO and SiS 


The data abtained about the electronic states in SiO are given in Table 8. 
A comparison between SiO, CO and SiS will be found in Table 9. As for CO 
and SiS, it is most likely that A1II] and XD dissociate into the ground-states 
of the atoms, Si (3P)+0(?P). The dissociation energies in Table 8 are obtained 
with a Birge-Sponer linear extrapolation. 


Table 8 


Summary of constants for SiO 


State ie We We Xe Be | de De x 10°} re x 108 |D(e.v.) 
SnAg GEE ee eee EE! 
G Il or'A | S$ ~ 44700 — ~- — — — — — 
1h a = ~ 43 300 ~ 680 — 2 0.517 | ~ 0.006 — < 1.79 — 
e *X = 43068 > 684 |~4 = 0.519 | ~ 0.004 _— =< 1:79 -— 
FIL or 1A | S ~ 42 800 ~ 660 — = 0.517 | ~ 0.005 — < 1.79 — 
A i 42 640.4 852.7,| 6.4, 0.6313 0.0069, 1.43 1.620} 3.5 
DGEDS, 0) 1 241.4,| 5.9, 0.7273 0.0050, 1.02 1.509] 8.1 


As may be seen from Table 9, the three molecules have five corresponding 
states. Further, the state G@1II or 1A in SiO may have its counterpart in CO: 
F111. In the term-scheme for CO we have called the perturbing II state in 
the A14II state of CO F’. This perturbing state was found in the beginning of 
the level v=1 by Gero and later published among the perturbing states in CO 
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States of SiO compared with those of SiS and the lowest states of CO 
8 SS EE —————————————— eee 


co SiO Sis 
T, | los | B/Bs State T, | loz| B/Bz| State T, olor | B/Bz 
< 64 800 |> 0.49/> 0.64] ¢ 257 < 43.070 |= 0.55/= 0.71] e 27 > 35 140] > 0.55 |> 0.70 
61785| 0.52) 0.65 te 
55900) 0.56) 0.69 
48688] 0.80] 0.87 
E? 41,751] 0.64) = 
99730| 0.97) —| @ II or1A| <44700| —1| 0.87 
F 92923] 0.98) — 
} 91926| 0.98} — 
} 86918] 0.96] 1.02 
- | S$ 66380 |> 0.48/> 0.75] IF 2=7 < 43 300 |> 0.55|> 0.71] I => ae (S088 
< 66 230| — |< 0.83] F 1II or 1A | S 42 800|> 0.53/> 0.71] f ‘II or 1A| < 37000| > 0.60|> 0.79 
64747] 0.70] 0.83} A 211 42640] 0.69] 0.87| D 24II 34910| 0.68] 0.88 
(a)? (15 000)} (0.87) — 
; 0} 1.00] 1.00] X 22+ Ol 1.00) 200) X 2a" 0} 1.00] 1.00 


by Ger6 and Scumip (1935). Coster and Brons (1934), with less to go upon, 
incorrectly presumed that the beginning of the level v=0 in A is perturbed 
by a 4II state. A corresponding transition to EX in SiS is not found in SiO. 
If it is present, it ought to be situated in the extreme ultra-violet region. 
Thus, the analogy between the spectra of the three molecules is very great. 


February 1952. Physics Department, The University, Stockholm. 
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Communicated 4 June 1952 by Ivar WaLLEeR 


On the influence of spin and isotopes in the kinematical 
theory of neutron diffraction 


By Per OLor FROMAN 


Although many papers’ have been written before about the subject treated 
here no complete treatment has been given. The purpose of the present paper 
is to derive a formula more general than those derived up to now which takes 
into account the effects of temperature, spin, and isotopic disorder on the 
diffraction of slow neutrons by single crystals in which the magnetic interaction 
between the neutron and the scattering nuclei can be neglected. The treatment 
is closely connected with that in a previous paper by the present author.? As 
regards the notations and the basic equations we refer to that paper, which 
will be called II in the following. 

The spin vector of the nucleus / is denoted by s; (the angular momentum 
is fs), and its spin state is characterized by the normalized ket vector | 7, m1), 
where 7; is the nuclear spin and m; its component in a fixed direction. The 
corresponding symbols for the neutron are the spin vector S, the angular mo- 
mentum #S and the normalized ket vector |4, M@), where M can take the two 
values +3. (The neutron spin is 4.) 

The possible wave functions of the crystal are ®,(q)|7, m), where ®, (q) is the 
function defined on p. 191 in II and |j, m)= I |j2, mz). Here g=(q1, Qa, +--+) Q3N)5 


N=(M, Me, ---, MBN), J=(I1yJa,--5 JN) and m=(m, Moy » «5 mn). When the 
magnetic interaction is neglected the scattering cross section for slow neutrons 
can be calculated from the pseudopotential 


i? , . 
Vireah ai > {ar(j1) + b1(i1) S- si} 3 (r— 11) 


by means of Born’s approximation. The constants a and b; are closely con- 
nected with the scattering lengths in the singlet and triplet states for the 
nucleus J.2 Hence they depend on which one of the possible isotopes that is 
situated at the place J. This is indicated by writing a and 0; as functions of 


1 J. ScHwincER and E. Texter, Phys. Rev. 52, 286 (1937); I. PomeranrscuuK, Phys. Zs. 
Sow. 13, 65 (1938); O. Hanprrn and M. H. Jounson, Phys. Rev. 55, 898 (1939); H. Hamer- 
MESH and J. ScHwincER, Phys. Rev. 69, 145 (1946); E. Fermi and L. MarsHaty, Phys. 
Rev. 71, 666 (1947); M. E. Rosr, Nucleonics Dec. 1948, p. 23, and AECD 2183; W. G. 
PoLLARD, not published. 

2 Pp. O. Froman, Arkiv for Fysik, Band 4 nr 6. 

3 'L. Rosenretp, Nuclear Forces, p. 106. 
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the nuclear spin 7;. We hope that it will cause no confusion to use this nota- 
tion even if there are different isotopes with the same spin jz, which can be 
situated at the place l. 

The wave function of the incident neutron is 


days CM | 3, M) 
M 


where the cy are supposed to be normalized so that 


> lear P=. (1) 
The polarization of the incident neutron is 
f=|e+3)?—| ea). (2) 
Solving (1) and (2) for |cw|?, we get 
lewP=4+Mf, M= +}. (3) 


We shall now calculate the matrix element of V for the transition 


k, c+3,0-3; n,m>k,, M’; n+, m' 
f 


where k, is defined on p. 192 in II. Using the definitions of By, and Aap (x) 
on p. 192 in II and well-known properties of the angular momentum, we get! 


(ky, M'; n+, m' |V|k,c+3, c-43 n, m)= 
DA jhe Se : teas : 
=— paca m’ |Oz| j, m) e~* PRET T Angry ng (— (he — k) + Bis) (4) 
where 
O1= B ca (3, M’ lar + br S81] $, M) = car (+ M’ by 812) + 
+ $ Om’, +3 C4 bi (Ste — 7 Sty) + 4 Ow, -3 e440 (Stz +4 Sty). (5) 


If the initial state of the crystal is a definite one (n,m) but its final state 
any one, the differential scattering cross section for the transition of the neutron 
from the state with the wave vector k and the polarization f to a state with 
the wave vector in the direction K and with the spin component M’ is ac- 
cording to (4) 


2 
Se ae } 
>>, ieee k | (k,, MM’; N+ Y, m |V | k, C+3,C—4; Nn, m) |? = 


» m’ 


a ; 
ae 27 > (), m | OF Or | ), m) e (ky’—R) «(Rj —Ryp) : 
. I] An.+y,, Ms (ky = &): Bis) Ants, Ng ( ., (ky, = k) : Br), (6) 


' Notice that the index s in B), and n, refers to the enumeration of the lattice vibrations 
but has nothing to do with the spin vectors $}- 
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O; denoting the operator which is Hermitian conjugated to 0;. Of course the 
summation over » in (6) is restricted to those » that make &, real. For the 
quantity (j,m|Of Or|j,m) in (6) we get from (3), (5) and well-known prop- 
erties of the angular momentum 


(j, m | O7 Or |9, m)=($+M’ f) (a+ M! my by)* (ay + M! my br) + 
P+ (4 —M’ f) | by |? { (9 (a+ 1l)— mi (m— 2 M’)} Ou. (7) 


In accordance with the principles of statistical mechanics we obtain the 
physicaliy measurable differential scattering cross section by averaging (6) over 
all possible initial states of the crystal. The probability that the isotope with 
the spin 7; is at the place / in the lattice and that its spin component in the 
preferred direction is mj is called P;(j, 2m). We suppose that the probabilities 
Pi(j,m) and Py (jv, my) are statistically independent if 14/1’ and that the 
vibration states of the crystal are statistically independent of the isotope-dis- 
tribution in the crystal’ and of the spin states of the nuclei. Then the prob- 
ability that the crystal at the temperature 7’ has the isotope-distribution 7 and 
the quantum state n,m is [[ Pr(j,m) [] —as) as, & being defined on p. 193 

1 8 


in II. Performing the averaging of (6) over all possible initial states of the 
crystal and taking account of (7), we get the following expression for the dif- 
ferential scattering cross section for the transition of the neutron from the 
initial state with the wave vector k and the polarization f to a final state 
with the wave vector in the direction K and with the spin component WM’ 


o (k, f; K, M')=(4+M' f Ndz SF (WM ') Fy (M’) e i (ky’—k)-(R —Ry’), 


-T] al = &s) a. ms An, +9: Ng (ky — k)- Bis) An,+v—, Ng ( = (ky = k) : Bs) a 


& Ng 
ky ; 
ve ~ Gi (f, M’) > a IT > (1 = a) a” | An, +,,n, (ke — be) Bis) |? (8) 
v & Ng 
where 
Fy (M’')=a,+ M' mb (8’) 
and 


Gi(f, M’)=(4+ Mf) (Jar+ M’ mbi|? —|a+M’' mbi|*) + 


+4(-M' Ala {in(a+1)—m(m-2M)}, 8") 


the bars on the right-hand sides of (8’) and (8’’) meaning averaging with respect 
to the probability Pi(j:,m). (It should be observed that au and 0; are func- 
tions of jz). As expression (8) is a sum of two non-negative terms, we have 


1 The distribution of the isotopes in the crystal has in reality some influence on the 
lattice vibrations because the masses of the isotopes are different. Neglecting this influence 
we suppose that the B,, are independent of the isotope- -distribution. 
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Gi(f, M’)=>0. The sums over ns on the right-hand side of (8), which are ex- 
tended from ns=4(| v;|— 5) to ms=CO, can be evaluated by means of the for- 
mula which was derived in the appendix of II. 

The right-hand side of (8) is the sum of two expressions of quite different 
kinds. The first one is of the same form as the expression for the differential 
scattering cross section of a single crystal without isotopic disorder and without 
spinning nuclei.’ For the further treatment of it we refer to II. The second 
one represents purely diffuse scattering. For cubic crystals it can be estimated 
numerically by the use of Debye’s approximation for the lattice vibrations. We 
remark that it is always independent of the temperature if the energy of the 
incident neutron is so large compared with the energies of the heat vibrations 
of the crystal that it is allowed to approximate k, by K everywhere. Using 
the formula which was derived in the appendix of II and the formula 


we get in fact 


LTTE Ute) of | Angtrg ng (KB) Bre) [?= 1. 
iz Ng 
If the atomic nuclei of the crystal are unpolarized we have 


Pi (jt, mi) = 


2 jp 1 Pt)» 


where 


n 
pi(n)= > Pi(jr, m) 


f= as 


is the probability that the nucleus 1 be the isotope jz. In this case the for- 
mulae (8’) and (8’’) become 


Fi= a (8 a) 


Gi = (3+ M’ f) {(Jaal® —| az |?) + ps ie (e+) [OP} +4 (3-M’ f) §91(n+1) | |?= 


~ HE (lanl! |e?) + 8 de Get 1) [buf + ((Tael® — [a )*) — 5 eG 1) OP} MF (8a) 


the bars meaning now averaging with respect to the probability y (71), i.e. 
averaging over the possible isotopes that can be situated at the place | Hes the 
lattice. From (8’ a) it is immediately seen that for unpolarized nuclei Gy can 
be equal to 0 only if az(j:) is independent of jn and b;(j:)=0 for all possible 
values of je We remark further that if both the atomic nuclei of the crystal 
and the incident neutrons are unpolarized the scattered neutrons are also un- 
polarized. This is easily seen from (8), (8’a) and (8’’a). 


* See (5) on p. 193 in II. 
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In the limiting case when the nuclei of the er 
all Bis=0 and all w,= 0) the differential 


o(k, f; K, M’), 


infinitely heavy nuclei — 


=(¢+ UM’ jf) [> Fi ea) Rye 2a Ga). 


ystal are infinitely heavy (i.e. 
scattering cross section (8) becomes 


I wish to express my gratitude to Professor Ivar Waturr for suggesting 
that I do this investigation and for the valuable discussions I have had with him. 


Tryckt den 17 november 1952 


Uppsala 1952. Almqvist & Wiksells Boktryckeri AB 
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Read 12 March 1952 by Ivar WALLER 


On the role of spin in the non-relativistic theory of the 


scattering of radiation 


By PER SvENontIus and Ivar WALLER 


Several authors! have treated the problem of multipole radiation in atomic 
spectra. They all seem to have followed the same theoretical lines. Starting 
from the non-relativistic quantum-mechanical charge and current densities 
derivable from the Pauli equation, they obtain the corresponding radiation field 
by using the retarded potentials. In this way, dependence on spin is lost, and 
difficulties arise in accounting for the complete dependence on spin in the 
non-relativistic case.2 The reason why this method of calculation is incomplete 
has been pointed out by Pautt.? In the non-relativistic approximation of the 
relativistic current density, there is a spin-dependent term, but this term hav- 
ing zero divergence, it can not be directly derived from the non-relativistic 
wave equation. 

We will here undertake a purely quantum-mechanical, non-relativistic treat- 
ment of scattering problems with regard of spin. According to Pauti, the 
non-relativistic Hamiltonian H of an electron (mass m, charge €) moving in an 
electromagnetic field A and electrostatic field V can be written 


2 
Hie 2 (p— <4) pea ees Se 


2m MC 


where 
h =2ach = Planck’s constant, 


c =the velocity of light in vacuo, 
p =the operator —7h grad, 
S =tiho, 

=the Pauli spin matrices, 


oO 
H = rot A =the magnetic field vector. 


1 See A. Rusinowicz: Rep. on progr. in physics XII (1948-49) p. 233 and J. Phys. 
Radium 10 (1949) p. 33 D where extensive bibliographies are given. 

2 Cf. eg. H. C. Brinkman: Physica I (1934) p. 97. 

8 W. Pauui: Handb. d. Physik XXIV/1 (1933) p. 239 eq. (96). 
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The whole system is supposed to be enclosed in a cube of periodicity L?. 
The electromagnetic field A then may be expanded according to the theory 
of second quantization : 


2 
A=) Dd xs eea(asg e's" * + ds, tks**) 
8 


where 
ts = (he/ L°k,)}, 


and > indicates summation over all values of k; satisfying the condition 
& 
2xk=Ln, n being any vector with integer components 


A runs over two indices, numbering two orthogonal directions of polarization 
(€s2) satisfying the conditions ks-es, = 0 and |es,| = 1. 

Any photon (ks, es,) is thus characterized by the indices s and 2. The 
operators of absorption or emission of this kind of photon are denoted by 
As, and ds, respectively. 

We shall now regard 


1 
ppteV 


A, =-—— 
0 2m 


as the unperturbed Hamiltonian of the electron. The Hamiltonian of our 
system can then be written 


Ho 55 > Nsiiche ie W 


where 


2 
~“(p-4+5-H) 4 — 


me Ime? 


A 


and N, denotes the number of photons with momentum k;. W will be treated 
as a perturbation operator. We obviously have 


° * . 
p:a = > % @s1°p (as,e**s** + As) 6c * es *) 
8 
and 


. . * . 
S:-H= > %s €sa°tS X ks (as, e'%s'* — gge—*Rs°*) 


From the last equations we conclude that the perturbation matrix, the 
scattering amplitudes, etc., directly follow from the corresponding expressions 
in the non-relativistic theory excluding spin (S = 0) by the substitution 


pe®*—>(p+iSx kjetks 
in every matrix element of the operator p. 
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This result may be compared with the corresponding conclusions from the 
non-relativistic approximation to the Dirac theory. WattER! has shown e.g. 
that some matrix elements become proportional to2 


[ine p ym per atOL (Yn S Wm) } emi * dz, 


Integrating the second member by parts, we see that the matrix elements 
turn into 


[yne-(p ms Ss x k) Cn yt. 


The connection with the spinless, non-relativistic expression is the same as 
above. Our non-relativistic treatment thus is equivalent to the non-relativistic 
approximation to the Dirac theory. 

We turn now to the case of spontaneous emission. The probability that a 
photon k,e will be emitted within the element of solid angle dQ when the 
electron state changes from n to m is evidently? 


ke 
meet Amal’ 
_ where ; 
Ann = [ Pme-(p—tS xk) e~*®'* gpd. 


It is interesting to compare this result with BRINKMAN’s‘*, whose spin-magnetic 
dipole terms are immediately obtainable from Amy. 

So far we have treated only the case of a one-electron atom. The calcula- 
tion is easily extended to include any number JN of electrons, and the earlier 
conclusions remain valid if we now make the substitutions 


ppe® *i > (pj + oS; x hk) eF% Gg =1,2,..,N) 


in the matrix elements of p; in the spinless, non-relativistic theory. Here 
p; is the momentum operator and S; the spin angular momentum operator of 
the j particle. Thus we have a simple rule for introducing spin dependence 
into the non-relativistic dispersion formula of a many-electron problem.°® 


A report of this paper was given at the Conference of the Swedish National 
Committee for Physics in 1951 by the first-named author and is published in 
Arkiv for fysik. 


17. Water: Zs. f. Ph. 61 (1930) p. 837 eq. (13). 
2 The notations are slightly changed. 

3 mm denotes the eigenfunctions of Hy. 

* Loc. cit. eq. (18). 

5 Of. eg. I. Water: Zs. f. Ph. 51 (1928) p. 213. 


Tryckt den 9 decomber 1952 


Uppsala 1952. Almqyist & Wiksells Boktryckeri AB 
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Communicated 8 October 1952 by Ertk Huniraén and Axet BE. Linpu 


Precision measurements of the gamma-radiation 
from secandium*© 


By Torsten LinpQvist 


With 2 figures in the text 


Introduction. The present investigation of the gamma-radiation from Sc** was 
carried out with a two-directional focusing betaspectrometer, recently constructed 
at the Physics Laboratory in Uppsala. The spectrometer is of the type described by 
HEDGRAN, SIEGBAHN and SvArRTHOLM (1). The construction was made possible by 
financial support from the Swedish Atomic Committee. The mounting of the spectro- 
meter and the arrangements for measurement of the field were entrusted to the 

author. 


Adjustments. The magnetic field was measured against a calibrated reference 
field in a Helmholtz coil. The voltages from two pick-up coils, one in each field, 
were taken out by brushes and led to a detector. “Balance” was said to be obtained 
when the reference field was so adjusted that the detector indicated a minimum. 
Fig. 1 shows the sensibility of balancing. The minimum can be located with a precision 
ef teim o - 105. 


mV 


4H 4 
44 x 4 
Sic Si ak A if bn adil pln 


Riga. 
The positions of the source and the GM-counter were adjusted by means of 
the photographic method. (For all the adjustments ThB was used.) It was found 
that the image of the source was situated in a plane 16 mm below that of the 
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source.1 This means that the horizontal plane of symmetry for the geometrical 
arrangements does not coincide with that for the magnetic field. The effect is probably 
due to the iron feet supporting the magnet. When the source was lowered 8 mm the 
image fell in the same plane. 


The resolving power for different solid angles 2 and different source widths 


H 
d,, was investigated. In all cases the GM-slit was equal to d,. For the result see 
Table 1. 


Table 1 

Resolving power % 
dpmm| 2% Theoret- | Experi- 
ical mental 

2 0.5 0.35 0.50 

2 1. 1.00 0.80 

4 0.5 0.45 0.60 

4 Load, 1.10 1.20 

8 0.5 0.65 0.95 

8 1.1 1.30 1.35 


The Ho-values of the conversion-lines (in gauss. em) were determined from the 
equation (I). 


Ho =const. (R—R,) (1) 


where & is the potentiometer reading corresponding to the current through the 
Helmholtz coil when the conversion-line is focused. R, is for compensating the 


earth’s field. For the calibration certain conversion-lines from Th active deposite 
were used (see Table 2). 


; Table 2 
SE 
Conversion- Energy 
ine ERD nara Reference 
He | keV 

F 1388 148 | G. Linpstrém (2) 

if 1754 222 » 

L 2607 422 » 

xX 9988 | 2531 | W. L. Brown (3) 


The constant in (I) was determined by several runs and the values differed no more 
than 3 parts in 103, The mean value for each conversion-line seemed to drop with in- 
creasing energy, probably due to a systematic error in the arrangements. In order 
to obtain the highest accuracy in the measurements it is therefore adviseble always 
to use a reference line of small energy difference. 

In view of what has been said above, when using a reference line the accuracy 
at present in determining the energies of the conversion-lines is 1 in 103, 


Measurements of Sc*®, The beta-disintegration of Sc! is followed by the emission 
of two gamma-rays, here called y, and Ye. The half life of the isotope is 85 days. 


1 I am indebted to Dr. A. Heparan for suggesting this investigation. 
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lore 2 
Table 3 
Author Year | y,MeV | Y>MeV Reference 
opel VValicone se see 1939 — 1.25+0.1 (4) 
DAE Meine oto 1945 eA. 1.25 (5) 
) 8. Miller, Deutsch....... aa) OAT 0.90 +0.02 1.12+0.02 (6) 
4. Peacock, Wilkinsson ....| 1947 0.88 + 0.02 1.12+0.02 (7) 
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Table 3 shows the previous results of the measurements of these gamma-energies. 
The first two authors used the method of absorption and their results are therefore 
not of high accuracy. The other results were obtained by beta-spectroscopy methods 
and agree well with the results obtained here. 

The isotope Sc*® was obtained from the Atomic Energy Establishments at Harwell. 
The target material was Sc,O3. 

The gamma-rays were recorded with high resolution (5-7-10°%) by means of 
their external photo-lines. The radioactive material, Sc,O,, was contained in a 
brass capsule of 3 mm diameter in order to cut out all the beta-particles from the 
source. The converters were thin lead foils. The reference line used was the external 
photo-line from Co® gamma-ray of energy 1.3316 MeV, measured with the crystal 
spectrometer by Lrinp, Brown and pu Monp (8). Both K-photo-lines and L-photo- 
lines have been used as well. Fig. 2 shows the photo-lines from Sc** and Co®, 

The following energies have been used for the absorption edges in lead (9). 


K — abs. = 87.6 keV 
L —abs. = 15.8 keV. 
Table 4 shows the result. 


Table 4 
Converter y,-enerzgy MeV | y,-energy MeV 
Run | thickness ey é = e 

mg/em? | ~ © | K-line | L-line | K-line | L-line 
lh 5.5 0.7 0.884 0.884 | 1.119 1.116 
Pe 5.5 0.7 0.886 0.886 1.123 1.119 
5) 7.5 0.4 0.884 0.884 1.118 1.119 

Mean valu> 0.8847 1.1190 


We thus obtain the values 
Y1 = 0.885 + 0.002 MeV 
Y2 = 1.119+ 0.002 MeV 


for the energies of the scandium gamma-rays. 
The result above, the first obtained by our spectrometer, is to be considered as a. 
preliminary proof of the spectrometer working well. 


Acknowledgements. The author wish to thank the manager of this laboratory 
professor AXEL K. Linpx and professor Per Ontin for their great interest in the 
construction work. In particular I am indebted to professor Kat SteaBaHN and to 
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Ions formed in a room by negative wire corona 


By Haratp Norinper and REINHARDS SIKSNA 


With 13 figures in the text 


Within the scope of the investigation of ions produced by different ionizers in 
the air of a closed room, recently carried out at this Institute [7], [8], ions formed 
by corona discharge have been included. Results of the measurements of the ions 
formed by a negative wire corona will be given here. 


1. Experimental arrangement 


The arrangement of the used experimental devices is shown in Fig. 1. 


1.1. The room in which the ions were produced 


The room, 7’, in which the ions were produced, was the one used earlier for in- 
vestigation of ions from other producers [7], [8]. It is a room in a wagon used at the 
movable field stations for other purposes. The dimensions of the floor of the room 
are shown in Fig. 1 in cm. The volume of the room was 16.5 m3. The wooden walls 
and the ceiling of the room were covered inside with rather thick pasteboard and 
the floor with linoleum. All splits, also at the doors and the windows, were stopped 
up by strips of pasted paper. 


1.2. The corona wire 


A stage was built by fastening three heavy brass wires of 5 mm diameter on the 
circumference of a 16 cm circle on two circular bakelite plates. Through the centres 
of the circles two small porcelain bushings were arranged. Between the ends of the 
metal rods of the bushings a 0.25 mm thick kanthal wire was held. This wire was 
connected with the used high tension source and so the corona wire was built. The 
length of the corona wire was c. 2 m. The heavy brass wires of the stage were earthed. 
The stage with the corona wire was put up in the test-room by the aid of three 
bands at each end in a mode shown in Fig. 1 at a distance of 1.15 m from the floor. 


1.3. The high tension equipment 


A high tension equipment for the corona was set up in the small side-room of the 
wagon. This equipment consisted of an ordinary rectifier R as shown in the figure. 
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ee B palejojo jell jajafayala fe > = 


Fig. 1. Schematic diagram of the used experimental arrangement. 


(7) test-room, W corona wire; (R) rectifier, Tr, high tension transformer, T'r, heating transformer, 
kV Svarke-Scur6pER high tension voltmeter; (B) suction box, 7, 7,, 7's suction tubes from 
the test-room, S,, S,, Sz slides of the suction tubes, Sz slides to EBERT ion-counters, Syg slide to 
the Israix large-ion counter; (#) EBERT ion-counters, WE Wutr bifilar electrometers, A ane- 
mometers; (IS) Israin large-ion counter, Cy, C, cylindrical condensers, LE LiInDEMANN electro- 
meter, S switch of the condensers, D calibration device of the electrometer, K keys to the ca- 
libration device, R rotameter, F valve to adjust the air-flow. 


The capacity of the condenser of the rectifier C =0.22 uF. A Starke-Scuréper high- 
tension voltmeter was used to measure the high tension applied to the corona wire. 
One terminal of the condenser was connected with the corona wire through a bushing 
in the wall to the test-room, the other was earthed. Control of the high tension was 
carried out by switching on the high tension transformer in steps on the net-side 
and varying the heating current of the rectifier tube by variation of a resistance in 


the primary circuit of the heating transformer. The highest potential applied to the 
corona wire was c. 15 kV, 


1.4. Removal for test of the ionized air of the room 


The test of the ionic state of the air from the surroundings of the corona wire was 
realised by suction of the air into the ion-counters. For this purpose three brass 
tubes of 30 mm diameter were installed in one of the side-walls of the test-room. 
The ion-counters were placed in an observation hut beside the wagon of the test- 
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room, and the three openings in the side-wall of the wagon were connected through 
c. 0.6 m long flexible metal tubes, 7,, 7, and 7; of 33 mm diameter, with a suction 
box, B, installed in the observation hut. These connection tubes from the test-room 
had been made tight by wrapping with an isolation tape. By this arrangement it was 
possible to suck the air from the room in the wagon to the suction box and into the 
1on-counters in the observation hut. Mostly only one of the connection tubes was used. 


1.5. The suction box 


As mentioned, the suction of the air into the ion-counters followed through the 
suction box B. This box was connected through three side-slides, S,, S, and S, of a 
construction shown in the figure, with the tubes, 7,, 7, and 7’, to the test-room. 
The dimensions of the box were 48 x 44 32.5 cm. The slides Sz and Sjy were 
installed on the bottom of the box, which was connected with the ion-counters. 


1.6. The ion-counters 


We used two EBrrt ion-counters, #, one charged for positive ions, the other for 
negative ions, and an Israk&L large-ion counter, Is. 


1.6.1. The Ebert ion-counter 


As known the Epert ion-counter consists of a cylindrical condenser with the 
inner electrode connected with a WutrF bifilar electrometer WH and charged to a 
potential of c. 200-300 volts. Ions of sign opposite to that of the charge on the inner 
electrode are collected by that electrode discharging the electrometer. The number 
of ions, or rather the number of elementary charges in cm? of the air aspirated 
through the counter is calculated from the formula 


Acute ay 
~ 300 e@t 


where C is the measured capacitance of the apparatus, dV the voltage drop, e= 
4.80 x 10-19 ESU the elementary charge, ® the air-flow through the apparatus in 
sec-! and ¢ the duration of an observation. In the Esert counter the air-flow Dt 
during an observation is measured by the anemometer A. The suction of the air is 
made by a vacuum cleaner. 


1.6.2. The Israél large-ion counter 


In the Israut large-ion counter [1] the “charging”? method is applied, 1.e. the air 
is drawn through two cylindrical type condensers, the outer cylinders of which are 
maintained at a constant potential while at the beginning of an observation the 
inner cylinders are near earth’s potential. Ions which are well within these condensers 
and of the same sign as the potential of the outer cylinders are driven towards the 
inner cylinders. All ions of a mobility greater than a certain value and a fraction of 
the ions of lower mobilities reach these cylinders and impart a charge to them. 
This charge is measured with a LinDEMANN electrometer. A schematic diagram of 
the Isran large-ion counter with the used accessories is given in Fig. 1. C, and C, 
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are the two cylindrical condensers; the outer cylinders are connected with one 
terminal of the battery B, whose other terminal is grounded; with the aid of a switch 
S the inner cylinders may alternately be connected with the needle of the LinpE- 
MANN electrometer LEH; the calibrating device of the electrometer is shown by Di 
with keys, K, it is possible to connect one terminal or the other of the switch S 
with the calibrating circuit and by this with the needle of the electrometer. 

For the purpose of suction the condensers may be connected in series or in parallel. 
The series-connection is used by IsrakL to determine the spectral distribution of 
the ions with respect to the mobilities. Using the parallel connection, as shown in 
the figure, one condenser can be charged to count positive ions, the other to count 
negative ions. Using the parallel connection with charge of the same sign on both 
condensers, but of different values of the applied potential, one may count ions with 
different limit mobilities. The air-stream through the condensers is measured with a 
rotameter A, a graduated glass tube in which a small ebonite or aluminium body 
can rotate; this rotor remains in a state of equilibrium at a certain height in the 
glass tube under given flow conditions. The velocity of the air-stream or the air-flow 
can be adjusted with the aid of the valve F. The suction of the air is made by a 
vacuum cleaner. VC shows the tube of the latter. 

One of the advantages of the Isra&L counter is the convenient manner to determine 
the drawn air-stream by using the rotameter, A necessary condition to catch the 
large ions in the apparatus is a high voltage applied to the outer cylinder of the 
condenser, or using a slow air-flow. The voltage is limited by the dielectric disturb- 
ances which arise when the voltage is too high. By using a slow air-flow difficulties 
as to measure it arise. With the used rotameter it was possible to measure an air- 
flow down to 0.03 I/sec. Another advantage of the rotameter is the possibility to 
measure the momentary values of the air-flow, while with an anemometer, for 
instance, we can only determine the value of the air volume drawn through the 
apparatus during a certain time interval, for which determination it is necessary to 
read off the scale twice. 


2. Arrangement of the measurements 


2.1. With Ebert ion-counters 


It is evident that using EBERT counters one can expect to obtain only a general 
insight into the ionic conditions because of the variation of the limit mobility of 
these apparatuses, especially if the distribution of the ions with respect to the 
mobilities is one with mobilities below that of small ions. For example, during our 
measurements of ions formed by ultra-violet light [7] and produced by the electric 
heater [8], the following property of the number of ions counted with EBERT counters 
was inferred: the number of counted ions was dependent on the potential applied at 
the inner electrode of the counter — an indication that the apparatuses counted 
also larger ions (intermediate) present in a greater amount. In the present case the 
conditions were of another feature. The dependence of the number of counted ions 
on the potential was not so marked, thus it might be concluded that the present 
counted 1ons were mostly real small ions and therefore the number of ions counted 
with the K8err counter could in this case be regarded as more representative of the 
small ions than during earlier measurements. The measurements with the Israii 
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counter confirmed also the presence of a greater amount of small ions in this case. 
To avoid disturbances which might be caused by the variation of the applied po- 
tential the measurements with the Eserr counter were carried out with the same 
potential at the beginning of each measuring period. The average limit mobility of 
the used EBERT counters was c. 0.05 em sec-!: Volt em-!. 

There were no chances to determine the composition of the ions with respect to 
the mobilities using EBERT counters. 


2.2. The method of a periodical alternation of chosen adjusted limit 
mobilities by using the Israél large-ion counter 


In order to obtain an insight into the distribution of the present ions with respect 
to the mobilities the measurements with the Isra&L counter were carried out at 
different adjusted limit mobilities ky of the condensers. The variation of the limit 
mobility is generally meant to be carried out by variation of the potential applied 
to the outer cylinder of the condenser. It is obvious that such a variation of the 
potential is not possible to apply to the IsrazL counter, when the sensitive LINDE- 
MANN electrometer is used, because of the dielectrical disturbances, which arise 
when the applied potential is changed. But the Isra&L counter possesses another 
possibility to vary the limit mobility, viz. by means of the variation of the air-flow 
through the measuring condensers; adjustment of the air-flow and the reading off 
of the momentary value of the air-flow is also possible to carry out very speedily. 
Series of measurements with the Isra&L counter were carried out alternately changing 
chosen adjusted limit mobilities of the counter by variation of the air-flow through 
the condensers. In such a way the trends of the number of ions caught at several 
adjusted limit mobilities kx were obtained. Both condensers of the large-ion counter 
were connected in parallel for the air-flow. Except the first series of measurements, 
where ions of both polarities were measured, only negative ions were measured in 
all the others. In some cases only 4 adjusted limit mobilities were chosen using a 
constantly applied potential of c. 130 V at one of the condensers, in some cases 8 
adjusted limit mobilities were chosen using also the other condenser with an applied 
potential of c. 9.3 V. The used limit mobilities kx are denoted in Fig. 2 and 3. 


3. Phenomena observed 


3.1. Corona wire switched on suddenly to a comparatively high voltage 


The highest voltage used was c. 15 kV. If such a negative potential was switched 
on suddenly to the corona wire the following phenomena were observed (Fig. 2 and 3): 

(1) A sudden increase of the number of negative ions measured with the EBERT 
counter up to comparatively high values. Some variations also occur. 

(2) The number of ions measured with the large-ion counter also increases but not 
so much. Some variations occur also here. 

(3) Only one enormous increase of negative ions was established with the Eprrr 
counter and the large-ion counter. 

After switching off the potential and discharging the condenser of the rectifier: 

(1) The number of negative small ions measured with the Eperr counter decreases 
almost suddenly. 
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Fig. 2. Number of ions measured with EBERT ion-counters and the Isra&L large-ion counter 
adjusted at different limit mobilities k,. The present ions were formed by corona discharge in a 
room when a sufficiently high potential was switched on to a thin wire. 
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Fig. 3. N umber of ions measured with the EBERT ion-counter and the Isra&r large-ion counter 
adjusted at 8 different limit mobilities k,. Corona wire switched on suddenly to a comparatively 
high negative voltage. 


(2) The number of negative large ions, on the contrary, increases already from 
the beginning in order to decrease gradually after that. 
(3) The number of positive small and large ions increases gradually after the 


switching off of the potential and reaches after a time the level of the decreased 
number of negative ions, 
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Fig. 4. Number of ions measured when corona wire was switched on at gradually increased 
negative voltage which was not sufficient for production of small ions. 
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Fig. 5. Variation of the number of ions measured with two EBERT ion-counters (both charged 
for negative ions) when the applied negative potential was not sufficient for producing of small 
ions. Data shown in Fig. 4 in a larger vertical scale. 
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Fig. 6. Number of ions measured when corona wire was switched on at different negative vol- 
tages. 


3.2. Corona wire at gradually increased high voltage 


In order to clarify the dependence of the concentration of ions on the potential 
applied to the corona wire, the voltage was increased gradually. The following phe- 
nomena were observed, if the applied tension increased comparatively slowly: 

(1) Only the number of large ions increases at the beginning starting at a tension 
of c. 8 kV (Fig. 4). (Attention must be paid to the comparatively equal distances 
between the curves of different adjusted limit mobilities). 

(2) Simultaneously, the number of small ions decreases starting from the point of 
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Fig. 7. Number of ions measured at comparatively slow increase of the applied negative po- 
tential. 


Fig. 8. Variation of the number of positive and negative ions measured with EBERT ion- 
counters at the beginning of the series of measurements shown in Fig. 9. 


time at which the potential is applied, in order to increase somewhat, when it reaches 
the potential at which the rapid increase of the number of large ions began. This 
event is also shown in Fig. 5 using a larger vertical scale. This decrease at the begin- 
ning is observed in all cases, and it might be explained by a transport of the small 
ions, normally present in the test-room by the electric field, to the earthed cage of 
the corona device. 

(3) After switching off the potential the number of large ions decreases starting 
from the levels reached by the used potential without any temporary increase as in 
the first case considered in 3.1. 

(4) A similar trend may be seen also in Fig. 6, where it is also shown that by 
increasing the potential still more a rapid increase of the number of small ions follows. 
The same feature is shown in Fig. 7 and in a smaller scale in Fig. 10. 

(5) The eruption of the number of small ions near the starting point must be 
marked in Fig. 6. A similar event may be established also in Fig. 7 and 11. Reduction 
of the steepness of the curves of the number of small ions after the rapidly starting 
increase (Fig. 9, 10, 11) may be a revelation of the same event. 


3.3. Corona wire at potentials with different increases 


Series of measurements at increased potentials with different steepnesses are 
shown in Fig. 7, 9, 10, 11. The following conclusions may be drawn from these curves: 
(1) Generally the curves of the number of ions are of the same feature, only with 
different rapidity of the variations and of different heights of the reached values. 
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Fig. 9. Number of ions measured at a gradual increase of the applied negative potential. 
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Fig. 10. Number of ions measured at a gradual increase of the applied negative potential. 


(2) The number of large ions decreases after reaching the first lower maximum in 
order to increase rapidly to a higher second maximum, after reaching it a low decrease 
follows in some cases. 

(3) It seems, that a lower number of large ions corresponds to a higher number 
of small ions. The reason of this correlation is not clarified. May it be so that a 
lower number of small ions corresponds to higher temperature (lower density of air)? 

(4) Increase of the large ions after switching off the potential is higher if the 
number of small ions present is higher and the number of present large ions lower. 


3.4. Curves of the number of ions caught at different adjusted limit 
mobilities k, 


The shapes of the curves obtained at different adjusted limit mobilities ky are 
different, but it is significant that apart from the different heights of the corre- 
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Fig. 11. Number of ions measured at a gradual increase of the applied negative potential. 
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Fig. 12. Number of ions shown in Fig. 11 in a larger vertical scale. 


sponding levels the general shape of curves corresponding to a definite ky remains 
the same during all the series of measurements. It must be pointed out here that 
the properties of the curves which will be given in the following, may be established 
more or less markedly in all the obtained series of measurements. Therefore these 
properties must be regarded as typical under given experimental conditions. May 
be that it is of advantage to use the curves obtained with a Slower increase of the 
potential, if we want to follow the feature of the mentioned properties of the curves. 

By measuring the number of ions caught at different adjusted ky the intention 
was to attempt a calculation of the distribution of the present ions with respect to 
the mobilities. The results of this attempt will be given in another place, but we 
will consider here the corresponding things without ready characteristics which are 
necessary for calculation of the ionic mobility spectra. But it was established that 
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Fig. 13. Number of ions after switching off corona potential. Continuation of the curves shown 
in Fig. 11 and 12. 


_the curves of the number of ions caught at different adjusted ky are of such an 
unexpected characteristic shape that from those alone it is possible to obtain certain 
information about the distribution of the ions with respect to the mobilities. 

The characteristic properties of the curves at different ky are as follows: 

(1) At the beginning when the presence of the small ions is not yet revealed the 
curves of different ky are arranged in comparatively equal distances from one 
another so that the curves of a lower ky are situated at a higher level than those of 
a higher ky (Fig. 4, 6, 7). This fact indicates that ions with lower mobilities are 
predominant. In this case there are Langevin- and ultra-large ions. 

(2) During a stage of the precesses the curves of the highest adjusted kx = 146 x 10-4 
exceed all the other curves in order to return below the curves with lower ky. (Fig.10, 
11). This event is also shown in a larger scale in Fig. 12. The same thing less marked 
is also shown in Fig. 3. Prevalence of ions with higher mobility is indicated here. 

(3) The curves of the four highest adjusted ky =146, 110, 73, 36 x 10-4 are of a 
different behaviour in dependence on the value of kx. The curves with the lowest 
of these mobilities ky =36 x 10-4 have a shape similar to that of the curves with the 
four lowest adjusted mobilities ky» =10.3, 7.8, 5.2, 2.6 x 10-4 (Fig. 10, 11, 12). On 
the other hand, the shapes of the curves with the three highest kx = 146, 110, 73 x 10-4 
are of the same feature and in some cases the curves crowd together. This crowdedness 
corresponds to a state of saturation of the ion-number — reciprocal mobility char- 
acteristics. 

_ (4) A similar phenomenon of curves with the lower adjusted ky =10.3, 7.8, 5.2, 
2.6 x 10-4 may be stated. During some stages of the processes all the lowest levels 
kx =7.8, 5.3, 2.6 x 10-4 have crowded together. (Fig. 11, 12, during the time interval 
between 60 and 90 minutes, when the first decrease of the large ions is present, and 
during the time interval between 120 and 140 minutes, when the second rapid 
increase of the large ions is present). A saturation state must be concluded here, and 
the absence of ions with mobilities lower than a certain value may be expected in 
this case. During other stages of the processes the curves of the second and the 
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third ky» =7.8, 5.3 x 10-4 crowd together (Fig. 10), in some cases the last curve of 
kx =10.3 x 10~4 joins these (Fig. 11 during the last period before the switching off). 

(5) The order of the curves changes completely after switching off the potential. 
Instantly after the switching off the curves arrange themselves below one another in 
the sequence of the adjusted limit mobilities ky with the lowest kx at the highest 
level and the highest ky at the lowest level. Attention must be paid to the curvature 
of the curve of the lowest ky=2.6 x 10-4 at the beginning of the decrease. The 
mentioned order of the curves indicates that a transformation of the ions present 
at the moment of the switching off of the potential occurs during this stage of the 
processes in a way by which ions with higher mobilities will be transformed into 
ions with lower mobilities. 


4. Discussion 


It must be pointed out once again that all the events mentioned in the previous 
paragraph may be stated more or less markedly in all the presented curves. Therefore 
it may be assumed that if a variation of the feature of a curve or the sequence of 
the curves above one another occurs, a process of production or transformation of 
ions obtains the leading réle. 

According to this assumption it may be concluded that: 

(1) Because of the prevalence of the small ions (measured with the EBERT counter) 
it must be assumed that these are dominant and primary. 

(2) But at the beginning of the formation of ions by negative corona a process by 
which large ions will be produced, must also be present (Fig. 4, 6). This process acts 
also during the further development of the phenomenon besides the small-ion process, 
and if the small ions break down under certain conditions of the dominant réle (for 
example the first eruption of the small ions before the rapid increase) they will be 
brought down by the large-ion process. Only later, when the small-ion process has 
much increased, the large-ion process is put back to a secondary role. 

(3) A separate process must be accepted for the second increase of the large ions. 

(4) A new process occurs after switching off the potential. Increase of the number 
of large ions and arrangement of the curves in sequence of the mobilities ky must 
be caused by this process. 

(5) Variations of the spectral composition with respect to the mobilities might also 
be regarded as an indication of the presence of some processes. 

From the obtained curves of the variation of the number of ions it could be con- 
cluded that the phenomena in the space around a corona wire must be characterized 
as such, the state of which is not determined only by the conditions present at this 
moment (for example, by the potential applied to the corona wire, this potential is 
one of the important factors, which determine these conditions), but also by the 
way in which the present state is reached, for example, how rapidly the increase of 
the potential followed, how long the constant state lasted etc. In other words, the 
present ionic state around the corona wire at a definite applied potential is without 
doubt dependent on this potential, but it is as much dependent on the prehistory of 
the corona discharge, 


We have no evidences now to explain the mentioned processes indicated by the 
measuring curves. 


As the cause of the large-ion processes ultra-violet light or chemical reactions 
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produced by the corona discharge might be mentioned. By these processes condensa- 
tion nuclei may be produced, and by electric charging of the nuclei large ions could 
be formed. But the possibility, pointed out by Notan and O’KreErrr [4], [5], [6] 
that ions produced by corona discharge from a water drop may have charges of the 
order of one hundred electrons, must also be considered. This possibility could be 
clarified by simultaneous measurements of the trend of the concentration of nuclei 
besides the ionic measurements. 

We will not compare here our results with those of other authors [2], [3], [4], [5], 
[6], who have investigated the ions produced by corona discharge, because the 
prevailing conditions were different, but we will return to this question later. 

In the end it may be noted here that the test sample of the air was taken from a 
volume of the air around the corona wire definite by the location of the inlet of the 
suction tube in relation to the corona wire. By using additional tubes to the inlet of 
the suction tubes it is possible to suck the air samples from any part of the test-room. 
By preliminary measurements with such additional tubes arranged in the test-room 
at different heights and at different distances from the corona wire it is shown that 
the concentration of definite ions is not equal at different points in the test-room, 
but the general behaviour of the curves obtained at a definite adjusted limit mobility 
is of the same feature as shown in this article. Therefore the events considered here 
must be regarded as representative of all the processes around a corona wire, although 
the concentration of ions in a definite region of mobilities may be different in de- 
pendence on the distance from the corona wire. 
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SUMMARY 


Tons formed in a room by negative wire corona were measured with EBERT ion- 
counters and with an Israt large-ion counter adjusted at chosen limit mobilities. 
Only negative ions were established in a prevailing quantity during corona discharge. 
Characteristic shapes of the curves of the concentration of ions measured at the 
chosen adjusted limit mobilities may be inferred during corona discharge and after 
switching off the corona potential. These characteristic properties of the mentioned 
curves were more pronounced when the corona voltage increased gradually. Certain 
processes of the formation and transformation of ions might be imagined to be the 
cause when a definite shape of the curves occurs or when there is shown a definite 
relation between the order of the curves in dependence on the adjusted limit mobili- 
ties. 


Institutet for hégspanningsforskning vid Uppsala Universitet, October 1951. 


139 


H. NORINDER, R. SIKSNA, Ions formed in a room by negative wire corona 


REFERENCES. [1] Israél, H.: Ein transportables Messgerit fiir schwere Ionen. Z. Geophys., 5, 
342-350, 1929. — [2] und Schulz, L.: Das Ionengerat der AEG. Der Balneologe, 1, 503-506, 
1934. — [3] Koller, L. R.: Ionization of the atmosphere and its biological effects. J. Franklin 
Inst., 214, 543-568, 1932. — [4] Nolan, J. J. and O’Keeffe, J. G.: The ions produced by dis- 
charge at liquid surfaces. Proc. Roy. Irish Acad. (A) 39, 21-30, 1929. — [5] : Electric dis- 
charge from water drops. Proc. Roy. Irish Acad. (A) 40, 86-98, 1932. — [6] ——: Multiply charged 
large ions. Proc. Roy. Irish Acad. (A) 41, 26-40, 1933. — [7] Norinder, H. and Siksna, R.: 
Ions produced in the air at atmospheric pressure by ultra violet light from a quartz-mercury 
arc. Ark. Fys., 5, 23, 471-491, 1952. — [8] Siksna, R.: Positive ions formed by an open electric 
heater. Ark. Fys., 5, 25, 531-543, 1952. 


Tryckt den 22 december 1952 


Uppsala 1952. Almqvist & Wiksells Boktryckeri AB 


140 


ARKIV FOR FYSIK Band 6 nr 15 


oe 
Communicated 8 October 1952 by Ertk Huirann 


A band-system of radium chloride 


By Asin LAGERQVIST 


No band-spectrum allotted to a molecule including Ra has hitherto been 
known. In 1933 E. Rasmussen (1933, 1934) investigated the atomic spectrum 
of radium. He used a hollow cathode containing some mg radium chloride in 
a helium atmosphere. Some time ago Rasmussen told me that on his radium 
plates from 1933 he remembered some band-heads. He allowed me to borrow 
his plates for a band-spectroscopic examination. 

The spectrograms were taken with a 4m Rowland grating in a Paschen 
mounting. The band-spectrum consists of two very intense red-shaded sequences, 
one at 6763 A, the other at 6498 A. Just in front of the stongest sequence — 
that at 6498 A — some rather faint bands are visible beginning at 6489 A. 
Besides the two strong sequences there is another very weak one beginning at 
6607 A. The structure of the 6498 sequence shows clearly that we have a 
II—X transition, with the R-heads beginning at 6489 and the Q-heads at 
6498 A. The most likely interpretation is that the three sequences belong to 
a "JID transition, with the sequences 6498 and 6763 A as the Av=0 transi- 
tion from the two sub-levels in *II to the normal state *X. The bands begin- 
ning at 6607 then form the 4v=—1 sequence from the upper “II sub-level. 
The system shows a very narrow Condon parabola. Owing to strong helium 
lines and other disturbances it is impossible to detect the other sequences. The 
band-heads are given in Table 1. The vibrational analysis gives the following 
two head-equations for the *JI—*X transition. 


Vy", y= 15 386.5 + 252.9 (v’ + 4) — 0.72 (v' + 4)? — 256.2 (v” +4) +0.71 (vo +4)? 
Vy yr = 14. 782.1 + 253.8 (v’ +4) — 0.71 (v' + 4)? — 256.2 (0 +4) +0.71 (vo +4). 


The different alkaline earth halides have very similar molecular term-schemes. 
The ground state X is a 7D, the first excited state A is a "II, the next B is 
a 7D and the following O a 7II. The system of RaCl corresponds to the tran- 
sition CX. The vibrational constants, the *II-splittings and the force constants 
of the chlorides are given in Table 2. The successive alteration of the magni- 
tudes of the constants is striking. An approximate value of the dissociation 
energy for the ground state in RaCl can be obtained from the equation 
D=w?/4az2. One obtains D=2.9 e.v. 
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Table 1 
Q and R heads of the system C*II—X*X of RaCl 
, vi 3 : —] * . —]1 : : Tine cary . . =1 
v,v’|Q, in A| in em Qs in A|in cm R, in Alin cm | @,v |Qo in Alin em 
0,0 6 763.3 | 14 781.0 6 498.1 | 15 384.9 6 489.2 | 15 406.0] 0,1 6 607.6 |15 129.9 
1,1 64.7 78.6 99.6 81.3 90.6 02.6)| 1,2 08.4 28.1 
2,2 65.8 76.1 500.9 78.2 92.1 399.1]| 2,3 09.2 26.3 
350 66.9 ieverdl 02.4 74.7 3,4 10.1 24.2 
4,4 68.0 71.3 03.8 71.4 | 4,5 11.0 22.1 
5,5 69.0 69.2 05.2 68.1 | 5,6 11.8 20.3 
6,6 70.2 66.5 06.6 64.8 6.7 tb ae 18.5 
et Tiles) 64.1 08.1 61.2 | 7,8 13.5 16.4 
8,8 Y IPAs) 61.5 09.7 57.5 | 8,9 14.4 14.4 
9,9 73.6 59.1 1 By 53.9 
10,10 74.7 56.7 pay, 50.4 
11,11 75.8 54.3 14.3 46.6 
12,12 Thru 51.5 15.7 43.3 
13,13 78.1 49.3 1 iy fe 39.5 |} 
14,14 79.2 46.9 18.8 36.0 | 
15,15 20.3 32.5 I 
Table 2 


Constants for the O7II and X?X states of the alkaline-earth chlorides 
a a a a eae 


Molecule ae "II splitting | @” | w” 2” om | wo! a” | key in dyne/em / 
BeCl 846.58 | 5.11 3.02 - 16° 
MgCl 465.4 | 2.05 1.82: 

( 26 574.7 
CaCl \ 26 498.9 75.8 369.8 1.31 336.0 1.4 1.54 
25 401.7 
SrCl { 25 245.5 156.2 302.3 | 0.95 279.9 0.68 1.35 
19 450.1 2 
“ f 285.0 | (0.79 
aCl { 19 062.9 387.2 279.3 | 0.89 \ 280.2 0.79 1.28 
15 386.5 252 
R . 252.9 (0.72 
aCl { 14 782.1 604.4 256.2 | 0.71 { 253.8 1 0.71 Me 


I must record my thanks to Professor Rasmussen for his generosity in 
putting his plates at my disposal. 


September, 1952. Physics Department, The University, Stockholm. 
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Measurements on the evolution of heat during the recovery 
of cold-worked metals 


By G. Boreuius, Stic BERGLUND and SvEN SJOBERG 


With 4 figures in the text 


The recovery of metals after cold-working as a function of time and temperature 
has been studied by many investigators, by following the variations of the mechan- 
ical, resistometric, or magnetic properties. As it should be expected that the evolu- 
tion of heat during the recovery should be particularly simply related to the atomic 
rearrangement, we have tried to measure this small evolution of heat by methods 
of isothermal calorimetry developed in our laboratory and used so far for the study 
of precipitation and order-disorder phenomena. 

A preliminary report on such calorimetric measurements on aluminium and copper 
recovering at 60 to 130°C was given at the Solvay Conference 1951 (1). These 
preliminary measurements had shown that the evolution of heat was of a measur- 
able magnitude and on the whole decreased with time in a hyperbolic way. A certain 
deviation of the curves first obtained from the simple hyperbolic form has later been 
studied thoroughly and traced to an unexpected source of error, so that the present 
results are simpler than the earlier ones. Our new measurements are so far confined 
to the recovery of Al, Cu and Zn at 100° C. 

The experimental arrangements have been very much the same as those described 
in recent papers on the precipitation of nitrogen (2) and carbon (3) from «-iron. The 
specimen was placed in a vertical glass tube of 18 mm inner diameter. The glass 
tube was mounted in the centre of a copper tube of 50 mm diameter, forming the 
inner wall of a double-walled vapour thermostat kept at an extremely constant tem- 
perature. Between the glass tube and the wall of the thermostat was a series of 
thermocouples, which were connected over a commutator to a galvanometer, the 
deflection of which under ideal conditions is proportional to the heat evolved in 
the specimen per unit of time. 

The specimens were made from moulded (Al, Zn) or turned and annealed (Cu) 
rods of the pure metals with an initial diameter of about 8 mm. They were cold- 
worked at room temperature by rolling to double length, and cut into pieces of 40 
mm length. These pieces were put into a container of copper, shown in fig. 1, fitting 
into the glass tube of the measuring apparatus. A copper-constantan thermocouple 
was introduced into a copper tube at the centre of the container for the production 
of Peltier heat for calibration purposes. 

As the rate of recovery increases very rapidly with increasing temperature, and, 
at constant temperature, decreases rapidly with time, it is necessary in order to 
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Fig. 1. Specimens and copper container. 
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measure as much as possible of the heat evolved, to start the measurements quickly. 
The specimen was heated up to the measuring temperature, in this case 100° (C, in 
an oven, the temperature of which was appreciably above 100°, and the rise of 
the temperature was followed by means of the thermocouple attached to the speci- 
men. The moment the temperature reached 100° C the specimen was transferred 
to the thermostat. Here it was first held for some time in the upper part of the glass 
tube, where the space between the glass tube and the wall of the thermostat was 
filled by a copper block in order to bring the temperature of the specimen nearer 
to that of the thermostat before moving the specimen to its proper place for measure- 
ments. These preliminary manipulations require a lot of practice, but even so it 
always takes some time (of the order of half an hour) before the after effects of the 
initial temperature differences have disappeared. During this period of disturbances, 
in which there is also a rapid decrease in the rate of recovery, the heat evolved per — 
unit time, the power P, is not proportional to the galvanometer deflection s but 
has to be calculated, as described in earlier papers (2) from 


dg °° 
P=astb— (1) 


: 
where a and b are constants and ¢ the time variable. The constants a and b can both 
be determined from the calibration with Peltier heat, a from the constant steady 
galvanometer deflection for a given power P, and b/a from the exponential variation 
‘ ue deflection s with the time ¢ after breaking the current and thereby making 

Another source of error, well-known from our earlier measurements, is the electro- 
motive forces in the leads from the thermocouples in the apparatus to the commu- _ 
tator. In our case we had on these leads a temperature difference from 100° C to 
room temperature, and although the leads are copper wires taken from the same 
reel, they are always thermoelectrically different enough to cause electromotive 
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Fig. 2. Rate of evolution of heat in Al rolled to double length, measured at 100° C immediately 
after rolling. 


forces that cannot be neglected. Each series of measurements has therefore to be 
continued until the evolution of heat has practically disappeared, and only the con- 
stant galvanometer deflection from the disturbing thermoelectric forces remain. 
This constant deflection has to be deducted from all the readings of the series. 
In search of further possible sources of error we have made rather extensive 
measurements on samples of pure un-worked metals. Though in these cases no 
‘ effect was to be expected, we found repeatedly that samples that were taken from 
room temperature up to 100° C. showed an appreciable absorption of heat during 
the first hours. Samples that were heated above 100° C and then measured at that 
temperature showed a small evolution of heat. If the sample was kept at room 
temperature in a dessicator before the measurements at 100°, or if the relative 
humidity in the room was lowered, the effect was decreased. We therefore concluded 
that the effect was due to variations of the adsorbed layer of moisture on the sur- 
face of the sample. Somewhat to our surprise, we found that the heat effect corre- 
sponded to calculated variations in the thickness of the adsorbed layer of the order 
of 100 Angstrom. Similar variations have however been found previously (4) by other 
‘methods. This source of error probably played a certain role in the measurements 
reported at the Solvay conference (1). In order to avoid them, we have in the present 
investigation tried to keep the samples as dry as possible while at room temperature. 
As a further check, after each series of measurements on the cold-worked samples, 
we made a new series of measurements on the same sample (without renewed cold- 
working) under as far as possible similar conditions. 
The present investigation comprises measurements at 100° C on Al, Cu and Zn 
immediately after rolling, and on Al and Cu after rolling and a preliminary recovery 
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Fig. 3. Rate of evolution of heat in Cu rolled to double length, measured at 100° C immediately 
after rolling. 


during 41 and 45 hours, respectively, at 60° C. The samples were of the purest avail- 
able metals, Al from the laboratories of Finspongs Metallverk, Cu from Adelmetall- 
aktiebolaget in Malmé, and Zn from A.B. Kebo in Stockholm. 

Karlier comparative measurements on this very pure Al and technically pure Al 
seem to indicate, however, that the purity does not greatly influence the recovery 
phenomena. 

Some results are shown in figures 2 to 4, and in table 1. In the diagram to the 
left in the figures, the crosses indicate the measurements of the main series and of 
the control series during the first ten hours, as function of the time ¢t. The main 
series were continued for three or four days in order to obtain reliable final values 
of the zero points. The control series give rather small values. Though we do not 
understand them in all details, we have thought it best to take them as corrections _ 
throughout. The corrected values are marked by circles. The rate of evolution of 
heat is given in microwatt per mol. The diagrams to the right show heating power of 
recovery against the reciprocal of time. The diagrams in fig. 2 and 3 indicate that 
the power P is a simple hyperbolic function of the time ¢ if the measurements are 
performed immediately after the cold-working. We then have 


P=" (2) 


where a is a constant. If the sample has partly recovered at a lower temperature 
before the measurements at 100°, the rate of evolution of heat seems to be described 
by 
a 
P= 
t+t, (3) 


where fy is a constant depending on the temperature and duration of the preliminary 
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Fig. 4. Rate of evolution of heat in Cu rolled to double length, aged at 60° C for 45 hours, 
measured at 100°C. 


Table 1 


Results for measurements at 100° C 


; a to 
Metal Preceding recovery Wairsol nhike b 
Al none 0.53 5900 
41 hours at 60°C 0.43 1.0 7100 
Cu none 0.67 4600 
45 hours at 60°C 0.68 0.5 4600 
Zn none 0.32 9700 


recovery. From the results collected in table 1 it seems likely or at least possible, 
that the constant a is the same whether or not there is any preliminary heating. 

Earlier theoretical attempts to describe the recovery can be summarized by the 
formula 


£-bQ 
P= ~ 2a cQe RT (4) 
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where P is the rate of heat evolution, Q the heat per mol still to be given off for 
full recovery, ¢ the time, c a constant of the order of the frequency of the atomic 
vibrations, E the activation energy at the end of the recovery process, b a constant 
with the dimension of a number, R the gas constant and T the absolute temperature. 
In the formula first proposed by vAN Lrempt (5) the activation energy was assumed 
to be constant throughout the recovery process. This leads, however, to an exponential 
decrease of Q and P with the time, which is not in agreement with the experimental 
facts. The linear increase of the activation energy with decreasing Q was introduced 
by KuxiMann (6) and seems to give an adequate description of the phenomena as 
they are known at the present time. The constant ¢ is of the order 1018 cycles per 
second. An estimation of E for aluminium made by KuniMann, MasIne and 
RAFFELSIEPER (7) gives a value of #=48 000 calories per mol. 

A mathematical analysis of the differential equation (4) shows that within the 
wide limits of time 


ekT (5) 


which for instance in the case of aluminium at 100° C means a time well above 
10728 and well below 1016 seconds, the power P is approximately given by 


EN 


te ts (6) 


Here ¢ is the time from a moment when the extrapolated value of the power P would 
be infinite. In reality, of course, P starts at a finite value, but as this value must be 
expected to be very high, ¢ is practically equal to the time from the start of recovery. 
Equation (6) thus corresponds to the empiric formula (2), the empiric constant 
being 
RT 
a= (7) 


_ The results of the measurements at a higher temperature (100° C) after a preced- 
ing recovery at a lower temperature (60° C) are what could be expected if the struc- 
tural result of the recovery during a long time at a lower temperature is the same 
as that during a shorter time f at a higher temperature. At the time ¢ after the 
increase of temperature we should then expect the power 


yw ge | 
a) aes (8) 


which is consistent with the empirical formula (3), the constant @ having again the 
value given by equation (7). 

The values of 6 obtained from the empiric values of a by means of equation (7) 
are given in the last column of Table 1. 

With the value of b=6000 obtained for Al and the value of E =48000 calories per 
mol given by Kunimann, Mastne and RarreLsrEPER, we find that already an 
energy of Y@=48 000:6 000 =8 calories per mol introduced in the specimen by cold- 
working makes the activation energy in equation (4) zero. This means such a rapid 
initial rate of recovery that there will be, if equation (4) is valid, no practical possi- 


148 


ARKIV FOR FYSIK. Bd 6 nr 16 


bility and even no physical meaning to try strictly to divide the energy taken up 
by the sample during cold-working in a purely thermal part, directly occuring as 
atomic vibrations, and a structural part gradually transformed into heat by the 
process of recovery. 

The questions of practical interest are how much structural energy there is still 
left in the specimen after recovery during a given time at a given temperature, and 
how long time will be necessary for practically full recovery at a given temperature. 
Probably these questions will be answered by continued measurements of the heat 
evolved during recovery at a number of successively increased temperatures up to 
a temperature where full recovery is reached in a reasonable time. 


The investigation has been supported by a grant from the Swedish Council 
for Technical Research. 


Stockholm, Royal Institute of Technology, Department of Physics. 
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lius and S. Berglund, Arkiv for Fysik 4 (1951), 173. — (4) R. Strémberg, Vetenskapsakade- 
miens Handlingar, Stockholm, 6, nr 2 (1928). — (5) J. A. M. van Liempt, Z. anorg. allg. 
Chemie 195 (1931), 366. — (6) Doris Kuhlmann, Zeitschr. f. Physik 124 (1947), 468. — (7) D. 
Kuhlmann, G. Masing, and J. Raffelsieper, Metallkunde 40 (1949), 241. 
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Screens in long discharge gaps 


By Haraup NorinDER and OsKARS SALKA 


With 15 figures in the text 
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1. Development hitherto 


When a screen is placed in the spark gap of an inhomogeneous electrical 
field, it exerts a considerable influence on the electrical condition of the gap, 
and this affects in particular the value of the breakdown voltage. The early 
experiments of STernmetz (1) in this field have been supplemented by the work 
of Marx (2), Bucnwaup (3), Roser (4) and some Russian experiments (5, where 
other Russian references are also given). The alteration of the breakdown voltage 
may be explained by the change in the field brought about by the introduction 
of the screen. Layers of opposite charge appear on the surface of the screen, 
and the distribution may be taken to be nearly uniform. The screen thus becomes 
a plate electrode, so to speak, above the earthed plate electrode so that the screen 
transforms the sphere-plate arrangement in part to a homogenous parallel plate 
arrangement. Such screens only serve a purpose in the case of curved electrodes 
at positive potential with respect to the plane electrode. The breakdown voltage 
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is then raised considerably if the screen is placed near (some em from) the 
positive point. If the screen is placed near to the plate electrode it has practically 
no effect. The effect of the screen is quite different with negative electrodes. In 
this case, the breakdown voltage is lowered, and the effect is particularly marked 
when the sereen is in the lower part of the gap. Thus, by correct installation of 
a screen, the breakdown voltage may be raised as much as three times for 
strongly inhomogeneous fields, whereas the breakdown voltage may be reduced 
by as much as one half if the screen is set up incorrectly. 

The effect of the screen may be explained as follows, after Marx (2b). The 
breakdown discharge for positive polarity follows discharge channels which 
proceed outwards from the anode (the point). Thsee channels are developed by 
electrons, which are drawn to the anode along the field lines. If some of these 
electrons are obstructed by a screen, the development of the channels is stopped, 
and the breakdown voltage correspondingly raised. With negative discharges, 
the channels appear on both sides of the screen, and this effect is inoperative. 

Sereens have recently attained a new significance, in that they may be 
employed to explain the mechanism of discharges across long gaps. In two earlier 
publications (6, 7) we have presented new experimental material relevant to the 
problem of the evolution of the discharge across a long gap. Since the present 
investigation was largely based on the mechanism of discharge outlined in the 
two previous papers, we will briefly mention the conclusions reached there. In 
(6)—positive impulse voltages—it was shown that the development of the dis- 
charge passes through three main stages with the sphere-plate arrangement: 
corona, plasma channel, and main flash. The corona, consisting of a stem and 
crown, does not reach the plate. The plasma channel begins at the anode and 
develops towards the plate along diffuse luminous bundles of rays. The positive 
plasma channel bridges the entire gap; there is no observable negative channel 
meeting it from the plate. 

The development of the discharge is quite different from negative impulse 
voltages (7). There are three stages of development in this case as well; corona, 
plasma channel, and main flash—but the process is different in many important 
respects from that occurring with the sphere positive. The corona, with its crown, 
bridges the whole gap—in one or more stages. The consecutive stages are formed — 
with the help of a luminous glowing cloud, which bridges the preceding stage, 
and from whose surface the following stage develops. When the tip of the last 
corona stage reaches the plate, near to the plate (at a maximum measured 
distance of 13 em) appear sharp bright channels, called plate stems; they 
originate in the final glowing cloud, and they grow towards the plate. When 
the glowing cloud has achievel contact with the plate, a plasma channel begins 
to form at the plate. This plasma channel begins by returning along the same 
course as the plate stem, but in its later development it is preceded by several 
brush-shaped luminiscences. The plasma channel develops stage by stage towards 
the sphere cathode. At about the same time, cathode plasma channels of several 
stems commence at the sphere. Both the anode and cathode plasma channels 
develop entirely within the glowing cloud which bridges the gap. The meet some- 
where in the middle or in the upper half of the gap, and the meeting is often 
accompanied by the formation of complicated loops. Thus, the preliminary 


plasma channel for a negative discharge also begins at the anode (the plate in 
this case). 
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It is important to stress the differences between the plasma channels for 
positive and negative sphere electrodes: for the positive polarity, the plasma 
channel commences at the anode sphere, where the necessary field intensity 
may be attained at a smaller voltage. The less intense field near the cathode 
plate does not suffice for the formation of plasma channels there, so the gap is 
bridged completely by the anode channel. The primary plasma channel for 
negative polarity also begins at the anode, which is the plate in this case, of 
course. It is obvious that the necessary field intensity is only attained here at a 
much higher voltage. The neighbourhood of the cathode is therefore subjected 
to a much more intense field than in the positive case, and this is sufficient for 
the formation of a cathode plasma channel. The gap is thus bridged simultane- 
ously by plasma channels from the anode and the cathode. 

The purpose of the experiments described in this paper was to investigate 
the effect of a screen on the stages of the spark process outlined above, to in- 
vestigate how the phenomena observed accord with the current theoretical ex- 
planation, and lastly, to endeavour to find new experimental bases for the study 
of the discharge mechanism. 

The experimental method used, and the lay-out of the apparatus, was the 
same as in the two preceding series or experiments (6, 7). The screen materials 
used were cellophane (0.02 mm thick), drawing paper (0.05 mm), pressboard 
(0.1 and 2 mm), bakelite (6.5 mm) and ebonite (3 mm). The spark-gap was on 
an average about 1 m long. The ratio of the screen thickness to the length of the 
gap indicates that the state of the field was not essentially altered by the in- 
terposition of a screen. 


2. Screens in positive discharges 


The sequence of positive pre-breakdown discharges (6) consists of the follow- 
ing idividual phenomena: a. corona, with stem and crown of threads, b. bundle 
of rays, e. anode plasma channel (at the sphere). Since the conditions for the 
occurrence of the three stages and their physical aspects are quite different, 
it is to be expected that the effect of the screen will be quite different for the 
three stages. The tests with different screen materials has shown that the ma- 
terial itself has little or no influence. But the thickness of the screen certainly 
had some influence. 


a. The corona. The corona has a certain length, depending on the spherical 
electrode used and on the voltage, and therefore covers only a part of the gap, 
there being no luminous phenomenon in the rest of the gap. In order to test the 
effect of the screen when in the dark region of the gap, the corona was pho- 
tographed for different screen distances and its length measured. A voltage 
of 214 kV was applied to the spark-gap (the sphere being 6.2 cm in diameter, 
and the gap 124 em long), which voltage was somewhat more than the onset 
voltage for the corona. The external appearance of the corona remained the 
same during these experiments, although its length changed a little, as shown 
in the following table. 

Table 1 
Distance of the screen from the plate cm......... ) 42 83 106 without screen 
Length of the corona cm 2...) 0. 0b eee eee 14.5 14 13 13 14.5 
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Fig. 1. Screen (0.02 mm cellophane) in the corona crown of a positive discharge: a. in the upper 
part, b. in the middle. Each figure represents the superposed photographs of 30 consecutive 
coronae. 
Fig. 2. The screen is impassable for the bundle of rays of a positive discharge. The bundle tends 
to make its way round the screen. Screen material: 2 mm pressboard. 


The change is not marked, but there is a tendeney for the corona to shrink 
when the screen is in the dark region. This effect increases as the screen ap- 
proaches the sphere. When the screen lies on the plate, it has no observable 
effect. 

Though the effect on the corona of a screen placed in the dark region is 
slight, the interposition of the screen in the visible region of the corona produces 
a strong effect. Both the threads of the crown and the stem are halted at the 
sereen, although it is possible that a new corona develops from its lower surface. 
If the screen is in the stem region this is always observable; when in the crown 
region, only in the upper part of the crown (Fig. 1a), never in the lower part 
(Fig. 1b). The new corona growing out from the sereen is not of the same 
appearance as the ordinary corona coming from the electrode, the difference 
being that the former has no stem. Close examination of the photographs shows 
that the lower corona cannot be regarded as extensions of the upper ones. 


b. The bundle of rays. As already mentioned (6), the bundle of rays 
commences at the same time as the anode plasma channel, and its diffusely 
luminous branches reach to the plate. The photographs show that the sereen is 
impassable for these bundles, whatever its distance, so that the thickness of the 
sereen is immaterial; even the thinnest sereen—0.02 mm cellophane—stopped 
the bundle of rays completely. The branches of the bundle tended to go round 
the screen to reach the plate below (Fig. 2). If the screen is effective in closing 
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Fig. 3. A screen near to the plate electrode leads to cathode plasma channels with positive 

discharges. a. 0.02 mm cellophane screen at a distance of 1.5 em from the plate; b. 0.1 mm press- 

board screen at a distance of 5 em from the plate. The small sparks between the screen and the 
plate should be noticed. 


this way to the bundle, it can only develop in the upper part of the gap. If there 
is a hole in the screen, the bundle makes its way through this hole, and is thereby 
much constricted, after which is once more spreads out in the lower part of 
the gap. 

What has been described above applies only when the screen is not near to 
the plate. When the screen is only some cm from the plate, a new phenomenon 
occurs: one or more sparks bridge the space between screen and plate. The sparks 
have not sufficient energy to break through the screen; they leave no holes 
behind them in the screen. On the upper surface of the screen, directly above 
the point where the spark strikes it, a luminous point appears, and a part of 
the bundle of rays in that region joins on to it. The plasma channels develop 
from the luminous point at the screen and grow towards the anode. It is in this 
way that the cathode plasma channels originate (Fig. 3). 

When the screen is laid upon the plate electrode, the luminous points in 
general appear—and with them the cathode plasma channels—only with the 
thicker screens. Fig. 4a shows the beginning of a plasma channel at a screen 
of pressboard 2 mm thick. With the thinner screens, however, the upper (anode) 
plasma channel reaches the cathode without the cathode plasma channel 
commencing (Fig. 4b). In these cases the bundle flows into the screen in the 
same way as it does into a metal electrode. It should be added that when there 
is a hole in the screen and at the same time a luminous point at the screen, the 
further development process always takes the easier course, that is to say, the 
upper (anode) plasma channel grows to meet the cathode channel which orig- 
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Fig. 4. The screen resting directly on the earthed plate, with a positive discharge. Cathode 
plasma channels occur only when the screen is thick. Screen material: a. 2 mm pressboard; b. 
0.05 mm drawing paper. 


inates at the luminous point, and does not go through the hole to the plate 
electrode. 


c. The plasma channels. In order to investigate the influence of the screen 
on the development of the plasma channels, it was placed in the upper half of 
the gap, in the region where the thread-crown of the corona would normally 
have been. The photographs show that the plasma channel “passes through” the 
sereen (Fig. 5a). It may be seen from Fig. 5b that a high energy is necessary 
for this penetration—one plasma channel takes a longer path around the edge 
of the screen instead of the shorter way through the sereen. Since the “passage” 
of a half-developed plasma channel through the sereen left no hole (the sub- 
sequent spark did leave a hole), we may conclude that two separate processes 
are involved here, an upper—between the sphere and the sereen—and a lower— 
from the lower surface of the screen. This conclusion is borne out by the fact 
that the photographs show a kink or other irregularity in the path of the plasma 
channel where it meets the screen. It not seldom happens that a plasma channel 
appears from the lower surface of the screen without an upper plasma channel; 
it suffices if a bundle of rays reaches the sereen (Fig. 5¢). 


3. Screens in negative discharges 


a. The screen in the corona region. A screen placed in the stem region 
of the corona does not hinder the propagation of the stem. In Fig. 6b, only 
the left-hand side is screened, the right being free. The picture shows that the 
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Fig. 5. The screen is no barrier for an anode plasma channel in the case of positive discharges. 
Screen material: a. 0.02 mm cellophane, b. 0.05 mm drawing paper. An anode plasma channel 
may also develop from the screen: c. Screen: 0.05 mm drawing paper. 


Fig. 6. Screen in negative discharges at the corona-onset voltage (a), and for higher voltages 
(b, c). The screen does not retard the stem (a, b), though the crown threads are stopped (c). 
Screen material: 2 mm pressboard. 


sereen is no obstacle to the stem. Indeed, it seems that the stem even prefers 
to develop in the screened part. The stem exhibits the same property even in the 
initial stage of its development, that is, at the onset voltage of the corona (Fig. 
6a). Although there is visible luminescence on both sides of the screen, giving 
the impression that the discharge passes through the screen, there is actually no 
hole in the screen. 
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Fig. 7. The formation of a new corona on the lower surface of the screen with negative dis- 
charges, with the aid of a luminous spot (c), stem-like channels (b), and diffuse threads or space 
stems (a). Screen material: a, b. 2 mm pressboard, ec. 0.02 mm cellophane. 


The screen was next placed in the crown region of the corona. In this posi- 
tion it exerted a marked influence on the development of the corona, and the 
threads of the crown were cut off. This suppression was more complete the 
thicker the screen (Fig. 6c). When the screen was thin, a new corona easily 
developed from its lower surface (Fig. 7¢). For this to happen with thicker 
screens, it was necessary for the corona crown to be more strongly developed, 
that is, the corona voltage had to be higher (Fig. 7b). The formation of the new 
corona may take place in one of three different ways: 1) The threads begin 
from a luminous spot on the upper surface of the sereen (Fig. 7¢); 2) eon- 
centrated, strongly luminous channels form on the lower side of the sereen 
(Fig. 7b); 3) the new threads commence from a diffuse luminescence, like a 
glowing cloud, which develops from a large patch on the sereen, and they soon 
converge into a stem, which may be called the space stem (Fig. 7a). 


b. The screen in the glowing cloud. On account of its diffuse luminos- 
ity, the glowing cloud of the negative discharge might be compared to the 
bundle of rays in the positive discharge. But what happens when the glowing 
cloud encounters the screen indicates that this comparison is not justified. The 
glowing cloud penetrates a screen without any great difficulty (Fig. 8a). It 
shows no tendency to go round the screen, in the way that the bundle of rays 
with positive discharges does. It has been shown (7) that the glowing cloud 
never joins a metal anode plate in its diffuse form; there is always a plate stem 
between them. It was found that this was not the case when a screen was laid on 
the plate electrode. There is then no plate stem, but instead very short stemlike 
channels. A similar phenomenon is observed when the screen is in the gap (Fig. 
8a). Finally, Fig 8 ¢ shows clearly that the penetration of the screen by the 
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Fig. 8. Effect of the screen on the glowing cloud and the anode plasma channels with negative 
discharges. Screen: 2 mm pressboard. 


glowing cloud is only apparent. In actual fact, there are two separate processes 
involved—one above and one below the screen. 


c. The effect of the screen on the plate stem. The development of the 
plate stem was in no ease disturbed by the interposition of the screen; the lenght, 
appearance and formation of the plate stem remained unchanged (Fig. 8a). 
This was true when the screen was not too near to the plate (more than 15 em 
distant). If the screen was nearer to the plate, the plate stem was obliged to 
develop only in the space between the screen and the plate. There was also a 
noticeable tendency for the plate stem to form more irregularly when the screen 
was very near to the plate. 


d. The screen and the plasma channels. As mentioned in the introduc- 
tion, the negative discharge may develop by means of both cathode (upper) 
plasma channels and anode (lower) plasma channels. If the screen is placed 
at the beginning of the crown, then—as will be seen from the photograph—the 
cathode plasma channel grows out from the electrode as if there were no screen. 
The plasma channel in this case therefore has the same properties as when there 

is no screen: 1) it exists only in the upper half of the gap, where there is a strong 
field; 2) it is unable to penetrate to the region where the field is weaker, and 
consequently, 3) the gap can only be bridged if the field is not too inhomogen- 
eous, i.e. if the gap is small. When the gap is larger, the process is the same 
with a screen as without it: the first corona stage is bridged by a glowing cloud, 
whereupon a second stage develops with new stem and crown. The cathode 
plasma channel so-to-speak awaits the arrival of the anode plasma channel from 


below. 
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Fig. 9. Screen in a narrow discharge gap (field not too inhomogeneous). Sphere diameter 50 cm, 
gap 18.1 cm. Screen material: a. 2 mm pressboard, b, ce. 6.5 mm bakelite. 


Neither is the anode plasma channel altared in its development by the inter- 
position of the screen. It commences in the usual fashion from the plate stem, 
and proceeds in the direction of the screen. The glowing cloud which is necessary 
for its development comes from the lower surface of the screen (Fig. 8 c). Besides 
this plasma channel (below the screen), a plasma channel above the screen may 
often be observed, growing in the direction of the cathode. There is no imme- 
diate connection between the two processes; it may happen that they develop 
in different ways, so that the lower one may occur by itself, for instance, and 
the upper one begin only when the other has reached the screen (Fig. 8b). 
This continues to grow upwards until it meets the cathode plasma channel. 
However, there are also cases where both processes begin simultaneously or after 
a short delay, Fig. 8 ¢ shows such a ease. 

It was also interesting to investigate the effect of the screen on the develop- 
ment of the plasma channel for narrow spark-gaps. With these, the gap is 
bridged by the upper plasma channel alone in the absence of the screen. Figs. 
9a, b show that in this case the screen does not change the process; the plasma 
channel begins at the electrode and at the screen simultaneously, and both 
channels move in the direction of the plate electrode. Both channels are therefore 
of a cathode character. The lower channel cannot be regarded merely as a con- 


tinuation of the upper (Fig. 9¢), so we must conclude that two separate pro- 
cesses are involved. 


e. Figures on the screen. The examination of the photographs obtained 
shows that large patches appear where the threads of the preliminary discharge 
processes arrive at or leave the screen, these patches often being strongly lumi- 
nous, like the threads associated with them (Figs. 10a; ¢). It is clear from many 
of the photographs that these patches are in the form of patterns. In those cases 
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Fig. 10. Photographs of the screen surface show the existence of Lichtenberg figures. a, c. the 
upper surface for a pre-discharge, b. the same for a plasma channel, d. the lower screen sur- 
face for a pre-discharge. Screen: 6.5 mm bakelite. Polarity: negative. 


where a plasma channel commences at the electrode and moves toward the screen, 
it can be observed that there is a Lichtenberg spark-figure on the screen (Fig. 
10b). This leads to an important conclusion: the visible threads and channels 
of the pre-discharge form Lichtenberg figures where they strike the surface of 
the screen, and conversely, the growth of a thread or channel from the screen 
begins with Lichtenberg figures. (Fig. 10 d.) 


4, Lichtenberg figures on the screen 


We wish to point out that the present experiments are only regarded as 
preliminary, as a more detailed investigation will be described in a later 
publication. 

Although Lichtenberg figures on photographic film have a finer and more 
detailed form, it was not possible to use them in the experiments referred to 
here. Film is sensitive not only to the phenomena in the immediate neigh- 
bourhood of the surface which are our main interest here, but also to all luminous 
phenomena in the gap, particularly at the spherical electrode and the plate, and 
is usually over-exposed in consequence. The Lichtenberg figures referred to 
are therefore powder figures, i.e. of the original Lichtenberg type. Many of the 
details are thus lost, but it is nevertheless possible to carry out convenient meas- 
urements of the polarity and potential of the charge on the figures. The most 
important result of the experiments was that the Lichtenberg figures appear 
only for visible preliminary discharges. If the gap remains dark during the 
application of the impulse, there are no figures on the screen. This rule also 
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Fig. 12. Lichtenberg dust figures on the screen with a negative discharge. a. general view of the 
upper screen surface, b, separate picture of the upper negative Lichtenberg figures, c. corre- 
sponding lower positive Lichtenberg figures. 


applies one-sidedly, i.e. when there is a luminous pre-discharge in the upper 


part of the gap, but none in the lower, the figures appear only on the upper 
side of the screen. 


Since no discharge threads develop below the screen for positive discharges, 
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Fig.'13. A group of upper Lichtenberg figures produced by negative discharge. The film itself 
was used as screen. The black ring visible in the picture is due to a hole perforated in the film. 


no Lichtenberg figures then appear on the lower surface of the screen. They 
appear only on the upper surface, and their shape has the positive character of 
the primary Lichtenberg figures, i.e. the charge moves in single sharply-defined 
branches. The figures vary in dimensions, and to some extent in shape, accord- 
ing to the conductance of the space-threads which arrive at the screen. Thus, 
if the screen conveys away only a little charge, we have something like that 
shown in Fig. 11a (the screen lies on the plate, and is touched only by a weak 
bundle of rays), where the positive figures shrink to small V-shaped hooks, which 
may even degenerate into small streaks or points. A crown which strikes the 
sereen gives rise to far larger figures (Fig. 11b). When the bundle of rays is 
strongly developed, the figures are particularly large and distinct, and the 
branches are very close to each other (Fig. 11 ¢). 

With negative discharge, in contrast to the positive, Lichtenberg figures were 
observed on both sides of the screen. Every thread of the corona crown meeting 
the screen forms a negative figure at the meeting point (Fig. 12a). Such a 
powder figure is irregular, seldom round in form, usually without discernible 
sectors such as are characteristic of negative figures. However, there are figures 
in which the formation of sectors is clearly observable (Fig. 15 a, b). Of course, 
these sectors are always present, but the powder figures do not always allow us 
to observe them. The figures are easily descernible when taken on photographic 
film (Fig. 13). The larger powder figures are of a form which indicates that 
they are built up in steps (Figs. 12b, 15b). The negative powder figures are 
either purely negative in form, or there may be small positive figures within 
the figure area. These positive decorations vary from small points (Fig. 12 b) 
to small stars (Fig. 14a). If there is a glowing cloud in the crown region, the 
positive decorations appear in the outer part of the figure, and are in the form 


163 


H. NORINDER, 0. SALKA, Screens in long discharge gaps 


Fig. 14. Back-discharge figures with negative discharges. a. negative Lichtenberg figure with 
positive back-discharge figures, b. the upper screen surface when struck by the glowing cloud. 


Fig. 15. Production of positive Lichtenberg figures within the area of the main negative figure 
by means of a proof sphere. a. negative figure with no blemishes, b. the arrows indicate the posi- 
tive back-discharge artificially produced figures. 


of points or V-shaped hooks (Fig. 14b). So much for the figures on the upper 
Surface of the screen, but the negative figures which we have hitherto been con- 
sidering are not the only ones occurring. If a new corona develops from the 
lower surface of the screen, Lichtenberg figures appear there too. On the lower 
surface of the screen, opposite the upper negative Lichtenberg figures (Fig. 
12), there is often a similar area marked in the powder, though the lower 
figure is always positive in form (Fig. 12 ¢). The branches of these figures often 
extend beyond the marked area. 

As regards the polarity of the charge of the Lichtenberg figures, their denota- 
tions correspond, that is to say, a negative figure is associated with negative 
charge, a positive with positive. Measurements were carried out with the help 
of a sphere of 2 cm diameter attached to the end of an amber rod, a point 1 em 
long (0.7 mm wire) being fixed to the sphere. This point facilitated the picking 
up of charge from a point of the figure. The polarity of the charge thus taken 
up was determined with an electrometer. It was found that the potential of the 
proof sphere was larger for negative figures than for positive. An interesting 
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phenomenon was observed during the course of these measurements of polarity. 
We chose a negative Lichtenberg figure of pure negative form, that is, without 
any of the above-mentioned positive decorations (Fig. 15a). When the area 
was touched with the point, a small positive figure appeared at the place where 
contact had been made. It is obvious that the proof sphere had collected the 
charge from the place where the positive figure appeared, and we may therefore 
conclude that when charge is removed from the area of the negative Lichtenberg 
figure, a positive figure results. If charge is taken up from several places in 
a negative Lichtenberg figure by a sphere which is neutralised each time, several 
small positive figures will appear, as shown in Fig. 15 b, where the Lichtenberg 
figure to the left was touched five times, the middle one four, while the positive 
figures in the right-hand figure were produced spontaneously. Each contact gave 
the proof sphere a charge of about 2:10-® coulombs, and a potential of about 
2 kV. It should also be mentioned that it is not necessary to touch the screen 
with the point to produce the small positive figures. They appear even before 
contact is made, probably to the accompaniment of a small spark. This explains 
the fault in the centre of the small positive figure in Fig. 15 b. 


5. Discussion 


a. General. We will endeavour to explain the effect of a non-conducting 
sereen on a discharge on the basis of the results obtained. The effects of a screen 
on positive and negative discharges are fundamentally different. The channels 
of the pre-discharge are completely halted by the screen when the spherical 
electrode is positive, but with negative polarity they are transmitted. There is 
a certain discernible retardation in the latter case, but only when the corona 
crown is faint. However, the passage of the channels through the screen is only 
apparent. It is conceivable that electrons or radiation might effect a penetra- 
tion. Wynn-Williams (8) assumes that certain stages of the discharge emit 
radiation of wavelength between 13 and 1 000 A, which penetrate air at ordinary 
pressure to a distance of some centimetres. If we attribute to such radiation the 
power to penetrate an ebonite screen 3 mm thick so that it retains sufficient 
energy to start a new corona in the lower gap, the lower process would be a con- 
tinuation of the upper. This is not borne out by experiment, and moreover, it 
is improbable that such radiation—even if it occurs—could penetrate a screen 
3 mm thick; so the process of “penetration” cannot be explained by radiation. 
The idea that it is electrons which penetrate the screen also encounters great 
difficulties, and this too must be regarded as improbable. The energy required 
for an electron to penetrate a layer of ebonite 3 mm thick would be of the order 
of Mey, and there can be no question of such energies in our discharge space. 

“Consequently the “passage” of the channels of negative discharge through the 
sereen must be explained in some other way. We are concerned here with two 
processes: the screen constitutes an intermediate object, which receives charge 
upon its upper surface and from the lower surface of which new threads develop. 
The link between the two processes is purely electrostatic, that is to say, due to 
the electrical field. It is thus comprehensible that no hole is left in the screen by 
the pre-discharge channel, no hole appearing until the final stage, the main 
discharge. 
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b. Positive discharges. Following these lines, the effect of the screen on 
a positive discharge may be explained as follows. The corona collects from its 
crown region the free electrons already present, and those released by itself, 
and they are conducted to the spherical electrode by the corona threads. A thread 
which touches the screen acts like a positive electrode at the screen, though its 
conductance is somewhat limited. The positive Lichtenberg figure at the con- 
tact point of the thread indicates that the thread conducts away some of the 
electrons from the ionised surface of the screen, leaving a positive charge in the 
branches of the figure. The bundle of rays which subsequently arises obviously 
involves a movement of electrons upward, since it gives rise to positive Lichten- 
berg figures where it is connected with the screen. Whether the upper surface 
of the screen was previously ionised uniformly (by photo-ionisation, for in- 
stance), or whether the ionisation was local, following the erowth of figure 
branches, remains an open question. In either case, a positive Lichtenberg figure 
appears on the screen in a positive discharge. The figure has a positive charge, 
of insufficient density to start a new crown from the lower surface of the screen. 
This accounts for the total screening for crown-threads and bundles of rays— 
even when the screen is very thin—and the corresponding raising of the break- 
down voltage brought about by a screen suitably placed. The fact that the 
presence of a screen near the plate lowers the breakdown voltage a little (4) may 
be explained thus: the positive charge on the upper surface screen causes a spark 
breakdown to the plate, on account of the short distance and the correspondingly 
intense field, and this gives rise to the anode (lower) plasma channel (Fig. 3). 
But if the stem meets the screen, i.e. if the screen is near the anode sphere, 
the screen receives more charge, sufficient to produce a new corona from the 
lower surface of the screen. As a consequence, the effect of the screen is also 
slight in this region [cf. (4)]. When the voltage has collapsed and electrons cease 
to be conducted away from the screen, the electrons in the channels exercise no 
retro-effect on the screen surface, so there are no figures due to back-discharge 
in the positive Lichtenberg figures, such as there are with the negative. 


c. Negative discharges. Let us now consider the observations of the screen 
effect for negative discharges. In this case, the electrons in all the channels move 
downward towards the plate electrode. If such a channel ends in mid-air, the 
electrons have been captured by gas molecules (such is the ease with crown 
threads, for instance). A thread that encounters the screen “sprays” some of 
this free charge over the surface, leading to the formation of a negative Lich- 
tenberg figure. The charge on a negative figure is considerably denser than that 
ona positive figure, and it is at a higher potential. The downward effect of the 
charge is similar to that of a charged electrode, and leads without difficulty to 
new channels proceeding from the lower surface of the screen. The sereen 
facilitates the development of the discharge across wide gaps because of charge 
accumulation, which cannot occur to a comparable extent when only air is pres- 
ent in the gap. Contrary to the ease with positive discharge “back figures” of 
positive type do occur. When the impulse voltage collapses, the potential of the 
sphere falls, the field between sphere and screen is reversed, and the electrons 
on the screen and in the channels tend to return to the sphere, so that with 
negative figures some of the electrons are conducted away from the figure. Since 
this process, which was mentioned above, is accompanied by the formation of 
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positive figures, positive back-discharge figures appear on the main negative 
Lichtenberg figure, these positive figures having nothing to do with positive 
charge in this ease. 

Under the influence of the negative charge on the upper (negative) Lichten- 
berg figure, a new corona begins from the lower surface, and the transfer of 
charge to the plate thus continues. This process takes place more or less as 
follows: the negative charge on the upper surface of the screen gives rise to a 
field between the screen and the plate, and the electrons which happen to be on 
the lower surface of the screen ionise the nearby gas by collision, under the in- 
fluence of this field, whereupon a new corona begins, which presumably ionises 
the screen surface. The stem of the corona collects some of the electrons from 
the ionised patch, and a positive Lichtenberg figure appears on the lower sur- 
face of the screen in consequence, with a positive charge upon it. 

This explanation is in full conformity with experiment (2). The breakdown 
voltage is in general lowered with negative discharges, especially when the screen 
is placed in the lower half of the gap, not too near to the plate. 


d. Concluding remarks. The accumulation of electrons on the screen, and 
their conducting away, are from the statistical standpoint such that the break- 
down voltage may take widely spread values without variation of the experi- 
mental conditions. It is therefore impossible to determine the effect of the screen 

exactly. The current idea (4) that there is uniform distribution of charge on 
the screen is contradicted by the fact that the screen acquires an arbitrary dis- 
tribution of charge concentrated in the Lichtenberg figures. 

We have already referred to the intimate relation which may be supposed to 
connect the pre-discharge in air and the Lichtenberg figures (6). The present 
work confirms this view. The basic conception of the breakdown mechanism for 
wide gaps in air is still deficient, however, and further investigation is needed. 
One thing may nevertheless be taken as generally valid: the transport of elec- 
trical particles in air at atmospheric pressure proceeds along narrow channels— 
when it is accompanied by visible phenomena, at least. If such charge in motion 
strikes the surface of a semi-conducting or non-conducting plate, its movement 
continues along the branches of primary Lichtenberg figures, or spark figures 
derived from them. There are many well known examples of this. To take a 
few of them: 1) A spark which strikes the surface of a semi-conducting plate 
forms there a spark figure of polarity corresponding to the electrode of 
origin (9). 2) So-called lightning figures appear on the skin of a person struck 
by lightning (12). 3) An electron beam emitted by a glowing wire in air at 
atmospheric pressure forms Lichtenberg figures where it strikes an insulating 
surface, and these may be rendered visible by subsequent dusting (10). 4) A 
pre-discharge striking an oil surface sets it in motion—with positive polarity 
the surface is slightly rippled, whereas with negative the oil surface is struck 
in several places, from which circular waves are propagated (11). 5) If a 
discharge encounters an oil drop on the surface of a non-conductor, it scatters 
the oil in a radial pattern, giving rise to Aldini oil figures (12). 6) Lichtenberg 
figures have been obtained where the electrode is not in contact with the film, 
but at a certain distance from it (13, 14, 15). Lichtenberg made his original 
discovery in a way similar to this. He observed that the dust on the resin cake 
of an electrophorus arranged itself in the form of little stars (for positive polar- 
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ity) or circular spots (for negative). He attributed the figures to the impact of 
the luminous discharge on the surface of the resin (12). 

We attach particular importance to the explanation of the conditions for the 
occurrence of the lower (cathode) plasma channel with positive discharges. No 
such channel occurs in laboratory experiments if the plate electrode is of metal, 
unless there is a screen near to it or a more or less insulating layer covers it. 
The lower part of the discharge is in the latter case similar to that for negative 
discharges. An important conclusion may be drawn from this: that the determina- 
tion of the polarity of a lightning flash from the manner in which its lower 
channels behave should be undertaken with great care, since the electrical prop- 
erties of the zone struck by the lightning exert a very considerable influence 
on the form of the channels. Other factors than the screening effect mentioned 
above also play a part. Neither do photographs of a lightning flash provide an 
unambiguous indication of the polarity of a charged cloud, as the branching 
and spark channels are not in conformity with those which indicate the polarity 
of spark discharges produced in the laboratory. 


6. SUMMARY 


The individual stages of the pre-discharge lead to movement of the electrons. 
With positive discharges, the electrons are drawn upward toward the anode 
sphere, and with negative discharges they are spouted into the gap. Therefore, 
the upper surface of a screen of insulating material is subjected either to a “suc- 
tion” or to a jet of electrons, according to the respective case. Both give rise to 
Lichtenberg figures. The charge which is thus drawn from the screen or imparted 
to it is localised in these figures, and the polarity of the figures depends on the 
way in which the charge moves. 

Positive discharges impart positive charge to the screen, of a low density, 
which is not sufficient to start a new pre-discharge from the lower surface of 
the screen. The screen thus checks the development of the discharge and raises 
the breakdown voltage in this case. When the screen is near the upper electrode, 
the density of the charge on it is so high that this effect is insignificant. A 
sereen placed near to the plate gives rise to a spark between the plate and the | 
sereen, and this starts a cathode plasma channel. 

With negative discharges, the screen is sprayed with charge, and acquires a 
charge of such high density that it acts like an advanced electrode. New pre- 
discharges arise without difficulty from the lower surface of the sereen. The 
sereen aids the development of the discharge, and the breakdown voltage is 
usually lowered. 

The form of the Lichtenberg figures is determined by the direction of the 
movement of the electrons on the surface of the screen. The positive figures 


appear when electrons are drawn away and the negative figures when electrons 
are deposited. 


Institutet for hégspanningsforskning vid Uppsala Universitet, Maj 1952. 
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Communicated 8 October 1952 by Axen E. Liypw and Ivar Water 


Some atomic planes in quartz suitable as lattices 
in X-ray spectroscopy 


By Goésta Brocren and Lars Ertk HarccBLom 


In an earlier communication (1) one of us pointed out the possibility of using some 
atomic planes in quartz as X-ray lattices. We have now investigated the atomic 
planes 1122, 2023, 3031, and 2243 with a tube spectrometer.! The methods of ad- 
justment and measurement are described previously (2). The quartz plates used 
were cut and ground with the surfaces parallel to the actual planes. The slit width 
was 0.015 mm. Double exposures were made with the Cu K«,- or Mo Ka,-line. The 
tube length was not the same in all recordings, so it is given beneath the tables. 

The temperature corrections were calculated from the values of the linear ex- 
- pansion coefficient parallel to the axis, «,, = (7.161 + 0.0160 t) - 10-®, and that per- 
pendicular to the axis, x, = (13.255 + 0.0223 t) - 10-*, given by Benoit (3). These 
are more accurate than those determined by Jay (4) with a Debye-Scherrer camera. 
The linear expansion coefficients perpendicular to the different atomic planes are 
all calculated at 20° C. 

The results are given in Tables 1-4. In these the following designations are intro- 


duced: 


t is the temperature in °C, 

2 @ is the angle obtained from the readings on the angular scale, 

a is the distance between the K «,-lines of the double exposures in mm, 
2A is the angle computed from a and the length of the tube, 

Gt =Yo + Ais the glancing angle at ¢° C, 

Aq: =is the temperature correction of the glancing angle, 

(xg is the glancing angle at 18° C. 


The spacings are calculated by inserting the wave-length values 4 = 1537.399 (5) 
X.U. for Cu K «,, and A = 707.831 (3) X.U. for Mo K «,. The real interatomic distances 
were obtained from the relation 


4d? 6 
‘where d,, is the lattice constant of the nth order, 
6=1—n, 
wu = the refractive index, 
o) 
es 3.64 - 10-12 (6). 


1 The luminosity of the different planes, the nature of the quartz crystal and the influence of 
the surface treatment on the resolving power are the objects of another investigation to be pub- 
lished in the near future. 
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Table 1 
Determination of the spacing of plane 1122 with Cu Ka, in the first order 
tee 2 Po a mm 2A Pt t Ag; Pis 
Se eS Ee _ nn 
1 50° 6’ 5478 | + 0.1900 1’ 4574 | 25° 4’ 2071 Pape: 476 25° 4’ 2477 
2 10°24 4 — 0.1900 1 45 4 1955 22 6 4 8 24 3 
3 igh it al — 0.1364 ied ayede} 22° 7 20 4 2 5 25 2 
4 6 35 0 + 0.2312 Dee fete} 217 20 8 1°9 24 6 
5 LOp2 ase 0184: 1 40 7 23 3 20 2 23 25 6 
6 6 52 7 | +0.2019 Lb 2a 22 4 20 6 28 25 2 
a 6 52 6 + 0.2022 1 52 3 22 5 20 1 2 2 24 7 
8 9 56 5 | — 0.1269 1 105 23 0 19 9 20 25 0 
9 Oetonl + 0.2719 2° 31°0 23 1 19 8 19 25 0 
10 10 16 0 | — 0.1649 1 316 22 2 20 9 3 0 25 2 
ll 10 10 1 — 0.1522 1 24 8 22 8 19 8 149 24.7 
12 6 35 6 + 0.2350 2 10 5 23 1 20 0 2 1 25 2 
13 10 23 4 = 0.1771 1 38 4 22 5 20 3 25 25 0 
Mean value: 25° 4’ 2570 
Tube length = 371.52 + 0.05 mm 
Linear expansion coefficient « = 10.9-10~° 
Ay,’ = 2.25 (t — 18) tgp 
d, _ = 1813.902 X.U. 
do = 1813.989 X.U. 


deale = 1813.99 X.U. 


Table 2 
Determination of the spacing of plane 2023 with Cu K«, in the first order 
—— 
Plate 
No. 2 Po amm 2A P, t Ag, Pis 
54 68° 8’ 879 + 0.0894 4977 34°. 4" 2977 20°9 chat S42 a 3374 
55 10 22 2 — 0.1518 LRAT: es 29 0 20 7 3 8 32 8 
57 7 25 6 + 0.1660 | es | 28 9 21 4 a7 33°6 
58 9 318 — 0.0624 34 6 28 6 21 3 46 33 2 
59 10 24 7 — 0.1527 1 24 8 30 0 20 8 3 9 33.9 
60 7 349 + 0.1545 1 25 8 30 3 20 4 3 4 33 7 
61 LODE 742 — 0.1214 Ae 29 9 20 6 a | 33.6 
62 ag Bae + 0.2159 1 59 9 30 3 20 3 3 2 33 5 
63 10 54 5 — 0.2025 1 62.5 31 0 20 0 28 33 8 
64 10 29 0 — 0.1601 1 28 9 30 1 19 8 25 32 6 
65 7 30 0 + 0.1673 1 32 8 31 4 Le: 23 33 7 
66 Velo 7. + 0.1988 1 50 4 30 6 19 8 2 5 Sonu 
Mean value: 34° (47 83% 


Tube length = 371.52 + 0.05 mm 


Linear expansion coefficient « = 10.1- 10-6 
A yp, = 2.09 (t — 18) tgp 
d, = 1871.965 X.U. 
dow = 1372.002 X.U. 
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Table 3 


Determination of the spacing of plane 3031 with Mo K q, in the first order 


Plate 
No. 2 Mo a mm 2A Pt t AQ; P18 
51001 29° 55’ 4773 | + 0.4772 TT 14° 58’ 5775 18°8 | 076 14° 58’ 5871 
51002 59 59 0 | — 0.4639 he ha 57 5 18 6| 05 58 0 
51003 55 46 8 Ola ca 1 ope a (OR) 57 4 18 7 05 yi) 
51004 59 53 7 | — 0.4434 1 58 5 57 6 18567| "05 58 1 
51005 57 82] +0.1690 45 3 56 8 LOOT FORT, 57 5 
51006 59 12 6 | — 0.2870 1 168 58 0 18 7) 05 58 5 
51007 58 48 8 — 0.2050 54 6 Be p 18 5 0 4 YO) 
51008 56 56 8 + 0.2200 58 8 57 8 18 6 ONS 58 4 
Mean value: 14° 58’ 5870 


Tube length 


771.01 + 0.05 mm 


Linear expansion coefficient « = 13.3-10-8 
Ay,” = 2.74 (t — 18) tgp 
d, = 1368.961 X.U. 
do = 1368.998 X.U. 
deale = 1368.99 X.U. 
Table 4 


Determination of the spacing of plane 2243 with Mo Ka, in the first order 


oe 2p amm | 249 % t | Ag, Pis 
51020 | 40° 53’ 974 | +0.3098 SA) PAV rte aya | 18°5 | 075 20 cee vO ue 
21 56 11 0 | — 0.3745 1 40 2 15 4 IS 155, | OY 15) 15 9 
ys Dowel 4 + 0.2066 65:3 16 4 TS 0 7 (ee A 
23 55 38 7 | — 0.2532 Lh 15 5 18 6| 06 1654 
24 56 38 3 | — 0.4775 ae 1S, 15 3 18 6] 06 15 9 
25 52 16 6 | + 0.5070 2 15 6 16 1 1851 05 16 6 
26 53 18 2 | + 0.2744 i HIBS 8} 15 8 18 6 | 06 16 3 
27 55 49 5 — 0.2949 1189 15 3 18 5 0 5 TORS 
Mean value: 20° 27’ 1674 


Tube length 


771.01 + 0.05 mm 


Linear expansion coefficient « = 11.7-10-® 
Ay, = 2.42 (t— 18) tap 
ay = 1012.737 X.U. 
do = 1012.752 X.U. 
deale = 1012.75 X.U. 


The spacing of atomic plane 5052 was determined by means of a combination of 


a tube spectrometer and a curved crystal. A quartz plate, cut for transmission so 
that plane 5052 was perpendicular to the surface of the crystal plate, was bent in 
a crystal holder to a radius of 1162 mm.1 The usual holder for a plane crystal plate 


1 The value of the radius was determined optically in the common way. 
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Table 5 
Determination of the spacing of plane 5052 with Mo Ka, in the first order 
ae 2 Mo amm 2AgQ Pt t AQ; P18 
2 ee no a 
51100 51° 44’ 5970 | + 1.2084 3’ 5875 25° 54’ 2971 19°2 176 25° 54’ 3077 
Ol 45 6 3 + 1.1672 3 50 4 28 2 19 3 im of 29 9 
02 54 54 0 — 1.8136 5 58 0 28 0 19 1 ib 43 29 5 
03 53 52 6 — 1.5023 4 56 5 28 1 19 2 1 6 29 7 
04 53 66 7 — 1.5180 4 59 6 28 6 18 9 ib Ps 29 8 
05 53 64 — 1.2484 4 64 28 6 19 1 Nas 30 1 
06 44 53 0 | + 1.2322 ae aye) 28 2 19 0 1e3. 29 5 
07 44 49 4 + 1.2458 4 Do Py ihe 19.3 Aer 29 4 
Mean value 25° 54’ 2978 
Correction for the refraction +0 2 
Po 25° 54’ 30 0 


“Tube length’? = 1045.0 mm 
Linear expansion coefficient « = 13.1- 10s 


Ag, = 2.70 (t — 18) tep 
do = 810.000 X.U. 
dealc = 810.00 X.U. 


was removed from the tube spectrometer, and a crystal table with the curved crystal 
was fixed there. The crystal holder was adjusted so that the centre of the crystal was 
in the axis of rotation, and so that its surface was parallel to the axis of rotation. 
The slit system in the front end of the very tube was taken away. An accurate 
value of the radius of curvature was determined by means of leaning plates. The 
length of the tube was adapted so as to obtain as sharp lines as possible when ex- 
posing with Mo Ka,-radiation. The measurements were made in the common way 
with double exposures of the K.«,-line. The tube length is in this case the distance 
from the centre of the crystal to the plate. This distance cannot be determined with 
the same accuracy as in the case of the common tube spectrometer. In our case the 
distance was 1045+0.5 mm. The accuracy is about + 0.05%. This error will in- 
fluence the angular correction, which is calculated from the distance between the 
two Mo Ka,-lines and the tube length. As this correction is, as a rule, less than 5’, 
the error is less than 0.2’’. Since the exposures are made so that the above correc- 
tion is positive in half of the recordings and negative in the other half, its influence 
is eliminated in the mean value. As appears from Table 5, the measuring accuracy 
seems to be good. 

The advantage with this arrangement is that such a great increase in the luminos- ~ 
ity of the instrument is obtained that it is possible to make absolute wave-length 
determinations even in the hard X-ray region. It is also possible to use crystal lattices 
with a rather low reflection power. The increase in luminosity is shown by the fact 
that when we exposed our plates for two minutes, the lines had a more intense 
blackening than what was obtained after eight hours’ exposure in the common tube 
spectrometer under the same working conditions of the X-ray tube. 

The accuracy of the present investigations is determined by the error in the 
glancing angle which was estimated to less than 1”, corresponding to a maximum 
error in the spacings of about 0.02 X.U. 
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Table 6 
The wave-length of Zn Ka, 


Plate 

No. 2% amm 2A Yt to | Ag, Vis DEX 

a a eNO a | 
AN 46° 27’ 5271 | +.0.2558 DF 9970) ES ANS 9A 20.3 | 272 | 23° 15’ 9”3 | 1432.206 
22 28 13 2) +0.2195 pl Ie) Hl AG PR || B83 9 9 215 
24 32 5 6| —0.2029 Lt 62 6 6 5 | 21.029 9 4 206 
25 29 20) +0.1336 fae 8 1 20.0] 19 10 0 216 
26 31 53 3 | —0.1800 1 40 0 6 7 20.8] 2 7 9 4 207 
27 SULor Sa Oc UES 4a eh 22) 9 aay) 20.1 | 2 0 97 2UY 


Mean value: 1432.210 


As quartz is a hexagonal crystal the spacing d of atomic plane (hk il) can be cal- 
culated from the relation 


1 
V3 W+e+hk 2 
3 a e 


where a and ¢ are the lengths of the axes, 


As is to be seen in the tables the agreement between calculations and experiments 
is very good. The differences are in all cases less than the experimental limit of 
error. Since we used quartz plates from different sources, it seems to be proved that 
if quartz crystals of good quality are compared, the eventual variation of the axes 
lengths is so small that it cannot be detected within the experimental limit of error. 


We also want to point out the necessity of a careful investigation of all crystal 
plates to be used as crystal gratings in X-ray spectrometers and spectrographs. 
During our work we sometimes found a variation in the value of the glancing angle 
that was larger than the limit of error. We suspected that, in those cases, we had 
two (or more) “crystallites” in the surface. A careful control of the crystals with a 
two-crystal spectrometer proved that this was the correct explanation. We obtained 
double peaks in the rocking curve, and the angular difference between the two peaks 
was in good agreement with the variations observed with the tube spectrometer. 


Earlier Tu (7) made an investigation of the possibility of using quartz crystals in 
X-ray spectrometers, but found that they were not suitable for precise wave-length 
measurements. When using the same face on different crystals, or different faces 

-with the same spacings on the same crystal (for instance 1010 and 0110) Tu obtained 
different results. The deviations were far beyond any experimental error. The prob- 
able reason is that there happened to be more than one crystallite in the surface. 

We also used one of the crystal plates (1122) for a redetermination of the wave- 
length of the K «-lines of zinc. The K«@,-line was determined by double exposures in 
the common way. The Ka,-line was measured relatively to the Ka,-line. As 
appears from Tables 6, 7, and 8, our values agree within the limit of error 
(0.020 X.U.) with those obtained by BEaRDEN and SHaw (5). 
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Table 7 


The wave-length of Zn Ka, 
oo 


: ; Pee 
Plate pee ee Se Glancing angle | Wawe-length 
No. in mm in angle of Zn Ka, Xue 

pr Na al me A a ee 

31 0.4276 3’ 5774 2SEA9 A710 1436.043 
32 0.4269 57,0 6 6 -037 
33 0.4274 57 3 69 .042 
34 0.4272 57 2 6 8 -040 
35 0.4277 57 5 tok -045 
36 0.4279 57 6 TE 4 -047 

Mean value: 1436.042 

Table 8 


Earlier determinations of the wave-lengths of Zn Ka, and Ka, 


Ka, Ka, 
1432.00 1435.90 Lane 1924 
1432.06 1435.87 LEIDE 1925 
1432.07 1435.87 ScHor 1926 
1432.174 1436.032 Epien 1928 
1432.218 1436.047 BEARDEN and SHAW 1935 
1432.210 1436.042 BROGREN, HAEGGBLOM 1952 


The work has been supported financially by a grant from Statens Naturveten- 
skapliga Forskningsrad (The Swedish Council of Natural Sciences) to whom we are 
very greatful. We also want to express our gratitude to the head of the department, 
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Communicated 4 June 1952 by Oskar Kiern and Ivar WALLER 


Photodisintegration of the deuteron at high energies 
By B. Bruno and S. DEPKEN 


With 1 figure in the text 


Summary. The photodisintegration of the deuteron is treated in the energy range 80 to 
250 MeV. Processes involving the exchange of virtual mesons are taken into account and 
shown to give important contributions. Total cross sections and angular distributions are 
discussed, and comparison is made with recent experimental results. 


Introduction 


Recently investigations have been reported from BrERKELY [7, 10] and Cor- 
NELL [1, 11] on the disintegration of the deuteron by y-quanta in the energy 
range of 80 to 270 MeV. The experimental results, which do not include pro- 
duction of free mesons, agree on the following behaviour of the total cross 
section as a function of the photon energy. The cross section drops off rather 
rapidly at 80 MeV, attains a minimum value of roughly 30 u-barns somewhere 
around 150 MeV and then rises slowly at higher energies. 

This disagrees with the steep decrease at the energies considered of the cross 
sections provided by or extrapolated from earlier calculations by Scurrr [15] 
and MarsHALL and GutH [12]. The calculations are, however, admittedly not 
applicable for energies above 150 MeV or so, where free meson effects become 
important. For energies less than 150 MeV uncertainties are introduced by 
the neglect of magnetic dipole transitions, which owing to the contributions 
from meson currents cannot be taken into account without reference to a spe- 
cific meson theory of nuclear forces.’ 

At all energies the exchange of mesons is, of course, essential for the photo- 
effect as giving rise to the interaction potential between the nucleons. Beside 
this it is, however, conceivable that at sufficiently high energies processes in- 
volving mesons may give important contributions to the cross sections. In this 
way it may be possible to account for the large experimental values. 

An investigation of the meson effects upon the deuteron photoeffect at high 
energies has, therefore, been carried through. Ordinary perturbation theory has 
been used and pseudoscalar meson theory applied, since all evidence seems to 


1 At lower energies the influence of the meson currents upon the magnetic dipole cross 
sections has been estimated by Pais [14] and Hansson and HuLruén [8]. The effect turns 
out to be small. 
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be in favour of pseudoscalar z-mesons (cf. [5]). A preliminary report on the 
results, which are in reasonable agreement with experiments, has already been 
given [3].1 In the report only processes, in which the photon was absorbed 
by a meson, were considered. It turns out, however, that contributions of the 
same order of magnitude will be obtained from processes consisting of the ab- 
sorption of the photon by the proton after the exchange of a meson. The phase 
relations for the two processes are favourable thereby providing an increase 
of the cross sections. In view of this: the argument for the pseudovector coup- 
ling form, as put forward in the report, is somewhat weakened. 

On account of the importance of meson effects the usual procedure of ex- 
panding the interaction energy in successive multipole moments of the system 
(cf. Morter and RosENFELD [13]) is not suitable for our calculations. This is 
so, since the transformed interaction energy will in addition to the multipole 
terms contain a part consisting of the time derivative of an operator. This 
part has previously been neglected, as it will not contribute to matrix elements 
corresponding to transitions between states of the system with the same energy. 
This does, however, only apply to a first order perturbation calculus. In our 
case, where a possible exchange of mesons is explicitly taken into account, the 


considered part of the interaction energy will give important contributions. 


General considerations 


In the calculations the pseudoscalar coupling form of the pseudoscalar theory 
will be used. It is easily shown that with the approximations used the pseudo- 
vector coupling will afford identical results, if — in agreement with the equi- 
valence considerations by Dyson [6] and Case [4] — the pseudovector coup- 


te 2M 
ling constant multiplied by a (M=nucleon mass and m,=2-meson mass) is 


substituted for the pseudoscalar coupling constant. 
The interaction HAMILTONIAN for nucleons, charged mesons and photons can 
then be written as 


(1) Hyn+Hamt+ Han 


where 


Hun=V4acg 2 B® yO TY U (r™) + conj. compl. 
Te Vite (60.7. . eer 
au =V4a | )“<°[U* (AsV 0)—(V U*: A) U]+ 554? UF U fd 
2 dt=d2z,d2x_ dx 
Han= —V4nexa- A (r™) .—— 
> Calculations along similar lines have been briefly reported by HuDDLESTONE and LEPORE 
{9]. Their results seem to be in general agreement with ours. Using statistical arguments 


WItson [16] has estimated the contributions from free meson effects and thus obtained 
cross sections of the right order of magnitude above the meson threshold. 
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Here U describes the charged meson field and A the electromagnetic field. 
6, a and y are Drrac matrices and 7, an isotopic spin matrix of conventional 
type. Ty converts a neutron into a proton and indices k refer to the nucleons. 
For processes involving neutral mesons a term describing the interaction be- 
tween the nucleons and the neutral mesons has to be added. 

As the weak coupling approximation will be used, we will confine ourselves 
to processes, in which one meson at the most is emitted and reabsorped. The 
following possibilities are then to be considered: 


The proton absorbs the photon. No virtual meson is exchanged. 
The proton absorbs the photon and a meson is then exchanged. 
The proton absorbs the photon after the exchange of a meson. 


A meson is- emitted, whereupon the proton absorbs the photon before 
the absorption of the meson. 


The exchanged meson absorbs the photon. 


BS Sone 


Transitions involving the emission and reabsorption of the meson by the 
same nucleon will be neglected. Along with the usual selfenergy effects they 
contain the counterpart to the transitions caused by the interaction of low 
energetic photons with the anomalous magnetic moments of the nucleons. The 

“magnetic” transitions are, however, expected to give rapidly decreasing contri- 
butions at high energies (see furthermore below). 

The cross section arising from process A will show a steep decrease at high 
energies, since it contains a factor giving the probability of finding the proton 
in the deuteron with momentum p—k, where p is the final momentum of the 
proton and k the momentum of the photon. 

On the other hand, in the processes, where mesons take part, the necessarily 
high momentum of one of the nucleons in the first intermediate state can be 
counterbalanced by the emission in the first step of a meson with roughly the 
opposite momentum, thus causing an increase in the absolute value of the 
corresponding matrix element. Because of this the cross section will not at 
high energies show the same rapid decrease as that belonging to the direct 
process A. 

The considerations do not, however, apply to process B, where the photon 
is absorbed and no meson, therefore, emitted in the first step. If the proton 
roughly overtakes the photon momentum, the corresponding matrix element 
being proportional to the projection of the proton momentum in the direction 
of polarization of the photon will become small. The contribution from this 
process will, therefore, be neglected. 

Of the processes D and E the latter will be much more important, since tbe 
absorption of the photon by the meson instead of by the proton is favoured 
by the smaller meson mass. Process D may thus also be neglected. The re- 
maining process C cannot, however, be neglected in comparison to process H 
on similar grounds, since the decrease in the absolute value of the matrix 
element because of the absorption of the photon by the proton is compensated 
by an increase owing to the fact that no meson is present in the second 
intermediate state and the corresponding energy denominator, consequently, 
much smaller. 
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Summing up, we will expect the processes involving virtual mesons to be 
important at high energies. Amongst these the main contributions will come 
from C and E, while the remaining ones may be neglected. 


Evaluation of cross sections 


In the calculations the nucleons are treated unrelativistically.1 Plane waves 
are used in the intermediate and final states. The following notations are used. 
k, q, p and p’ are the momenta of the photon and the emitted meson and 
the final momenta of the proton and the neutron, respectively. e is the unit 
vector in the direction of polarization of the photon. 6 and 6’ denote the angles 
between the direction of the outgoing proton and neutron, respectively, and 
the incident photon. 

The ground state of the deuteron is described by the wave function 


(2) feos 13 0. o-|/ x ben 


27 (B—y)? 


where y% denotes the symmetrical spine wave function with magnetic number 
m and 


Wes 1 2 1 2. 
a= 75 (Iw nn — 2m ND’) 


ny and n® describing the charge states of a proton and a neutron, respectively. 
Following Scutrr [15] we put 


VM 
a 


(3) i B=1.4-10% cm™ 
where ¢=2.2 MeV is the binding energy of the deuteron. 


The perturbation formula for the differential cross section runs 
(4) =< if 
oa (9) ==" zp 2 | Me 


where Me is the matrix element of the transition and oz, the density of states 
pro unit energy, the two possibilities of charge distribution in the final state 
being explicitly taken care of by a factor 2. The summation symbol indicates 
summation over all spin directions in the final state and averaging over the 
two directions of polarization of the photon and the three possible spin direc- 


tions of the deuteron. Since the energy of the system in the laboratory frame 
is given by 


4 : ‘ 

At the energies considered this is, of course i i 
; , no good approximation. The errors thereb 
introduced are, however, thought to be of minor importance in view of other apprastinatisel 


180 


ARKIV FOR FYSIK. Bd 6 nr 19 


wpe (pak) 
Ls 29M OM 


we get 

2 
M 

5 = P 

©) 4 h? (2»—k cos 6) 


For the direct transition A it is with our approximations readily found that 
in the case of unpolarized y-rays 


o_ sn eh® py (B+) p* sin® 6 
(6) >| Ma P= M* ke i 2 
2, (p—k) ae (p—k) 
[oa Pee | [An ree 


Calculations for process E. The third order transition consisting of the ab- 
sorption of the photon by an emitted and reabsorbed, positive q-meson gives 
after some calculations — using (1) and (2) and ewe ane in the final state 
the nucleons with indices 1 and 2 as a proton and a neutron, respectively — 
the matrix element 


(7) K f yz {F (q, p’) (o®-(q +k)] (6® + q)— 
—G(q, p’) [o®-(q+k)] (0+ q)} 8 dq 
with 
(7 a) F (q, p')= 


= (o-a){ VEC Hain (B+ 2a + +9) (7,44 P(E +9" i 


(7 b) G(q, p')=F (q, Pp’) E 73 
pat 2, P 
[oF | [oe | 
and 
(Te) R= Pea oo eV By Bry. 


yr is the spin wave function of the final state and 
(7 d) Eg=ceVm2 2 + ¢ e+¢ 


the energy of a meson with momentum q. 
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Only the first part of the integral (7) containing F corresponds to process E. 
The second part is caused by transitions due to the “magnetic”? interaction 
implying the emission and absorption of the meson by the same nucleon. 
After the subtraction of the divergent parts the remainder must be expected 
to give contributions of decreasing importance with increasing energies. This 
is so, since the possibility of diminishing the denominators of F containing 
B and y by choosing q+ ~—p’ does not apply to G as shown by the rela- 
tion (7 b). 

The matrix element corresponding to the exchange of a negative -meson 
is obtained from (7) by interchanging indices 1 and 2, substituting p for Pp 
and reversing sign. As p+p’=k, it is readily seen that the substitution 
q=-—q-—k will bring it back to the form (7) except for a small change in 
two of the energy denominators. The change is insignificant in our unrelativ- 
istic treatment of the nucleons. The full matrix element, tz, arising from 
transitions E are thus obtained by multiplying (7) by 2 and neglecting the 
G-dependent part. 

When calculating the cross section we shall sum |z|? over all spin direc- 
tions in the final state and average over the three possible spin directions in 
the initial state. Thus we have to evaluate the expression 


) td lar [o®-(q+k)] (6° q) x3} {43° [6®-(q' +k)] (6-q’) xr}- 
This is readily don2 by replacing ys by the equivalent function 


—— oe ~(1) 5(2))2 »,m 
ys =4 (0 +0") xs. 


2 


Since S vanishes when operating on the singlet spin wave function, the summa- 
tion can then be extended to all spin directions in the initial state. The ex- 
pression (8) is thus equal to (Tr denoting the trace) 


(9) § Tr {fo®-(q+k)] (6®-q) S*[o™: (q’ +k)] (o®-q')} =4 {4 (q-q' P-GP a? + 
+4 (q-k) (q-q')+4(q'-k) (q-q')—(q'-k) @-(q'k) a’? +3(q:q')k’}. 


: The important values of g and q’ will be of the order of magnitude p. As 

v ; ‘ 

A , Where » is the velocity of the outgoing proton, the last term in (9) is 
er feah vw 

of the same order of magnitude as the relativistic corrections (5) and is con- 

c 


sistently to be omitted. It can be shown that the contribution to the cross 
section from the part of (9) depending linearly upon k is a function of 6 of 
the form cos 6 f(sin 0). It will not, therefore, affect the total cross section in 
our approximation but only the angular distribution. This effect can, however 
be estimated — as will be shown below *— more directly. 

Thus, in calculating the total cross section we have only to consider the first two 
terms on the right side of (9). Moreover, in F'(q, p’) p’ can be replaced by -p 
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and k omitted by similar reasons. In order to simplify the calculations the terms 


p? (p’+q)” 
aii oy 


thereby introduced being of the order of magnitude = We thus replace 
F (q, p’) by 


in the energy denominators are omitted, the relative error 


if ane ey e:q : 
(10) 1 EBPs (pra hsp tay 


The total cross section will now be given by 


4 


4 : : 
(11) oor = 52 | oe l2a sin Od 0. 
0 


The bar indicates an averaging over the directions of polarization of the pho- 
ton and 


sae as ; 
(12) F (q, p)F (q, p)(4(q:q'- Pa? ]dqdq’. 


It is convenient to choose one of the directions e in the plane containing 
p and k and the other direction perpendicular to the same plane. Introducing 
polar coordinates for q and q’ with ® and @’ denoting the angles between 
q and p and between q’ and p, respectively, we find after some calculations 


(13) [=277{(417- J) sin? 0+4(I,—1,)*} 
where 

ie [fe ROUTE RE ee 
13 L=— 
ae) x Vics , N (q, cos ®) 

q? cos sin Ddqd@® 
a3 b Soa iE Gee 
with 
(13 c) N (q, cos ®) = 


= (m2 2+ @) (B+ p2?+2pq cos D+q’) (y+ p?+2pq cos G+ q"). 


It is easily seen that the integration over g can be extended to —©9, if 


the integration over ® is performed between 0 and 5° The integration over 
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gq can then be carried out by complex integration. The remaining integrations 
over ® are elementary but tedious. In the indicated way we thus obtain 


? ih? mx 
(14 a) 1 4° (62? — 7") pVke 
vs Pd ah? ma 
( ) 2 4° (6? — y*) pVke 
Here 

3 be if Oe 1 
(15 a) D; |: oy % ) ( é) ytagt+1+2Vazg 

42 
3 es 1) Cag (the same expression with Xs —> oy) 
y2 
yYtagt+1 ; ytag—2, 

(15 b) D, B J ap = > ag 


~ y+agp+1+2 Vag Vy 


—(the same expression with aj > «,) 
with the abbreviating notations 


Br y i p" 
p= ; ar reas ce ae aes 
Be mc os fits mc 
(16) _ Vy 
yt+ag—1)V 
Cag = arctg 7— t+ aretg y 28 F \Vy =" 
aX y (2+ Vag) + Vag (1 + Vig) 


Calculations for process C. In the process C a meson is exchanged and after 
that the proton absorbs the photon. The meson can be charged or neutral 
and the result depends upon the kind of coupling between neutral mesons and 
nucleons. If the symmetrical theory is applied, the matrix elements of charged 


and neutral mesons are in phase. The following total matrix element Wo is 
then obtained : 


(17) Mo=3K f {yr (o-q) (6+ q) x3} Fe (q, p')dq 
with 
72 , 2 =i 
, , re Pp as ’ 
(17 a) Fe(q, p')= ~(e-p') [Vic Ba | B+ Py, + (PA | pre} = 


fro frog 


K and yr having the same meaning as before. By comparing (17) with the 


corresponding part of (7) we see, since e-q~—(e-p’), that the interference 
is essentially constructive. 
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The calculations of the total cross section can be carried out in a way sim- 
ilar to that applied to process E. Instead of the integrals J given by (13) we 
are met with the integrals 


(18 a) ae “=| {* cos? @ sin Ddqd @ 
cp Vice , Nc (q, cos ®) 
A coo on a. 
(18 b) Aj eee =| {¢ sin Odqd® 
cpVke) J Ne(q, cos ®) 
with 
(18 c) Nc(q, cos ®) = 
=(mzc+q°) (Bi? +p? +2p¢q cos B+ 4") (y? 2 +p? +2 pq cos B+’). 
We find 
2 
(19 a) vo TH Mn ; 
4° (6°—»°) pVkeo 
th? Mn 
(19 b) 


Jo= — 
* 42°(B?—») pVke 
were using the notations (16) 


QO) Dy=2Vag— 42 Veg) — WER 


—(the same expression with ag—«,) 
2 


(20 b) Dy =4 Vag = V;, Cag —(the same expression with a, — «,). 
Yy 


Results 


Total cross sections. Without going into further details of the calculations 
_we will give the final expression for the total cross section arising from proc- 
esses C and EH. Using symmetrical meson theory we get 


Beers lt BN A Vee? 
cae (So + Ss +2Scs). 
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Here Sc and Sz arise from the processes C and E, respectively, while 2 Scz 
is the interference term. We have 


Sc =3(D2+6 D3—4 Dy D,) 
(22) Sz =8(D,—D,)*+ § (4 D3— Di) 
ép=12 De D,— 4D, DS ieee eg 


the functions D,, D,, D, and D, being given by (20) and (15), where we have 
to put p® equal to its approximate mean value Mke. 


Gtor » 1039 cm? 


105 100 150 200 8250 


Energy in MeV 


Fig. 1. Total photoelectric cross sections in the laboratory system. Experimental values 
are taken from BENEDICT and Woopwarp [1]. Dashed curve is the cross section calculated 
by MarsHatu and Gutx [12] for the direct transition. 


In order to get the total cross section of the photoeffect (excluding meson 
production) we have to incorporate the contributions from the direct process A. 
The interference between the transition A and the transitions C and E is 
rather strong, and the phase relations are unfavourable. The total cross sec- 
tion is given in graphical form in fig. 1. The pseudoscalar coupling constant 
g was determined so as to give the experimental value of 30 m-barns at 150 
MeV. We find g’?/ic~19, which seems to be too large (cf. Berne [2]). Better 
agreement is afforded by the pseudovector coupling form of the pseudoscalar 
theory. If f is the coupling constant, we have to put 


P?/he=(m,/2 M)*-g?/he= 0.10. 


In view of the crude approximations reasonable agreement with experiments 
is obtained. The slow decrease at the high energy end in comparison with the 
mildly rising tendence according to the experiments [7, 10] may be understood 
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as an effect of the relativistic corrections and of the exclusion of processes 
involving two or more mesons. Effects of heavier mesons may also contribute 
at these energies. 


Angular distributions. The estimate of the angular distributions of the 
photoparticles at different energies is rather cumbersome because of the varied 
behaviour of the different processes. Without lengthy calculations it is, how- 
ever, possible to get a rough idea of the state of things. 


_ Using the conservation laws of energy and momentum and neglecting the 
binding energy of the deuteron we get 


ee 2 
p -Vithe(1+3" cos 0+0 (::)) 

(23) 
pV ke(1~4" cos 6 +0’ (::)) 


where v is the velocity of the ejected proton and the terms 0 (v?/c?) and 
0’ (v?/c”) are of the order of magnitude v?/c?. ; 


Neglecting terms in v?/c?, which are of the same order of magnitude as the 
relativistic corrections, we find from (4), (5) and (6) that the differential cross 
section of the direct transition depends upon @ by the factor 


4 
v 
(1432 COs o) . 


v - v Mke a" 
(1-32 ce 0) (1 : we al 


(24) sin? 0 


The preference to the forward direction is, however, too strong to be consistent 
with experiments [1, 10]. In the centre of mass system the protons still favour 
the forward direction, while the neutrons, consequently, prefer the backward 
direction. This is due to the fact that the photon is absorbed by the proton. 

On the other hand, in process E, in which the meson absorbs the photon, 
there will be no difference in the angular distributions of the protons and the 
neutrons. L|Wz|* as defined by (4) (Mz being the matrix element of the 
transition E) is, therefore, the same function of 6 as of 0’. The leading term 
is given by (13) (with p?>=Mkc), and the term in v/c is, as stated before, of 
the form cos @/(sin 0), where f can be shown to be at the most quadratic in 
‘sin 0. Omitting terms in v?/c?, X|Mz|? is consequently of the form 


(25) a sin? O+d+o(y sin? 0+, sin 0+4d,) cos 6. 


With the help of the relation 
p’ sin 0’=>p sin 0 
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(25) can be expressed in 6’. We thus get 


v ao , . , , 
a sin® 6’ (142° cos 6) +d (ay sin? 6’ +0, sin 6’+d,) cos 0’ = 
C 


v eer : ; 
=a sin? 6’ +d+-(a, sin? 6’ +}, sin 6’ +d) cos 0 
c 


giving a,=a and b,=d,=0. Using (13) and (14) and taking the statistical 
factor oz into account we thus find that the differential cross section depends 
on 0 by the factor 


‘ : 
(26) (1 +4 cos 0) ls D3 — Dj) (1 a cos 6) sin? 6+ 4 (D,—D,)"| 


where 4(D,—D;)* is rather small as compared with 4.D3— Dj. The preference 
for the forward direction is here much less accentuated than in the case of 
the direct transition and is too weak to fit the experimental results. In the 
centre of mass system the distribution is, of course, symmetric about 90°. 

“In the remaining process C the proton absorbs the photon (after the ex- 
change of a meson). Because of the meson effects the forward direction is not 
favoured as much as in the case A but still considerably more than in the 
case E. = |Mc|?, where Mc is given by (17), is proportional to Sc:(e:p)?/p’*. 


In Sc (given by (22)) we have to substitute p=Vitke(1—4° cos 6) for p. 


The differential cross section depends, therefore, upon 6 by the factor 
(27) 


where Sc that does not vary strongly with @ will favour the backward di- 
rection, 

The preceding discussion shows that the superposition of the different proc- 
esses may well produce angular distributions in reasonable agreement with 
experiments. Brnepicr and Woopwarp [1] have measured the differential 
cross sections oa(@) at 60°, 90° and 120° in the energy range of 100 to 180 
MeV. We have calculated oa (60°)/oa (120°) at 150 MeV and obtained the 
value 3.6 as compared with the experimental value ~ 3.2. In the energy range 
of 100 to 150 MeV the ratio considered is only increasing by some few tenths 
according to our estimates, while the experimental results seem to favour a 
larger increase. The discrepancy could possibly be explained as an effect of 
our neglect of the interaction between the nucleons in the final state, since 
this will probably imply an overestimation of the contributions from the direct 


transition. 
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On the solid-liquid transformation in metals 


By G. Bore.ius 


With 8 figures in the text 


1. Summary 


Thermodynamic calculations based on the assumption of continuity between the 
solid and liquid states and simple assumptions about the separation of the internal 
energy of metals into parts of vibrational and structural origin, lead to new possibil- 
ities of interpretation of the sub-coolability of liquid metals and of the thermal 

- expansion phenomena. 


2. Introduction and basic postulates 


To-day there is a rather wide-spread conviction among physicists that there exist 
in the crystal lattices of solid metals, besides such disturbances which are due to 
impurities or coldworking, also lattice defects which are natural consequences of 
the thermal movements of the lattice and which increase in number or size with 
increasing temperature. It is also an attractive and fairly obvious idea, that the 
reversible lattice defects in the solid state should be a preparation on a small scale 
to what happens on a larger scale at the melting point, interpreting the fusion 
process as some kind of order-disorder transformation. Such lattice defects which 
increase with the temperature must be expected to give a contribution to the specific 
heat of the pure, undisturbed metal. It is a problem of fundamental interest how 
to separate this structural part of the specific heat from the part due to vibrations 
of the lattice. The purpose of the present paper is to show that it seems possible 
to make this separation without an elaborate atomic theory of fusion, just on the 
basis of two simple general postulates. 

The first postulate is that there exists a continuous series of gemoetrically imagi- 
nable, though partly thermodynamically instable, structural states between the 
ordered structure of the crystal at low temperatures and the disordered liquid 
structures above the melting point, these states being defined by mutually connected 
values of structural energy and entropy. 

The second postulate predicts that the vibrational part of the molar heat at con- 
stant low pressure is described in the liquid as well as in the solid state by a Debye 
function or some of the more complicated empirical functions proposed in the 
literature which at low temperatures represent the total molar heat and with rising 
temperature tends to exactly the classical value of three times the gas constant (3 R). 
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These postulates are made on trial and their justification is dependent on the 
results which can be obtained from them by a purely thermodynamic investigation. 
Before we go into the thermodynamic a pplications in section 4, it might be of interest 
to look at some questions related to these postulates from a more general and histor- 


ical point of view. 


3. General discussion of the postulates 


Our first postulate involves taking up a position with regard to a question often 
discussed. Ever since the continuity between the liquid and gaseous states was 
demonstrated by the theory of vAN DER WAALS, it has probably occurred to many 
physicists that there might be a similar continuity between the solid and liquid 
states, and the discussion has been stimulated by the development of the order- 
disorder transformations in alloys, first discussed by the author and this collabora- 
tors, and of other phenomena which have later been interpreted as disordering 
transitions. A rather superficial glance at the literature shows that among others 
PoyntINe (1), PLANCK (2), KAMERLINGH ONNES (3) and FRENKEL (4) have looked 
upon continuity between the solid and liquid states as possible, whereas it has been 
judged as impossible or at least improbable by RoozEBoom (5), TAMMANN (6) and 
BripcoMan (7). BrrpeMan’s discussion is worth a special consideration as he bases 
his opinion on extensive experimental results obtained by his own measurements 
at high pressures. The question he discusses is whether or not there exists a critical 
point for the transition from liquid to solid state, above which this transition 1s con- 
tinuous. In no case was such a critical point found below the maximum pressure of 
12000 atmospheres used for these experiments. The discussion is thus about the 
right way of extrapolation. BrrpcMan’s chief argument for denying a critical point 
seems to be that the decrease in the change of volume on fusion with increasing 
pressure is somewhat retarded. However, in the opinion of the present author, 
BRIDGMAN’s arguments are not convincing. In fact even in the case of the transition 
from gas to liquid the decrease in the change of volume with increasing pressure is 
retarded at pressures far below the critical pressure and becomes accelerated fairly 
near the critical point. 

There seem so far to be no serious objections to the use of an assumption of 
continuity as a working hypothesis. It is obvious, however, that such continuity 
is limited to simple metals and cannot be generally valid, as shown immediately 
by the existence of polymorphism in the solid state. The liquid is not necessarily 
structurally connected even to that solid state, which at low pressure is the stable 
one nearest below the melting point. Thus, for instance, liquid bismuth is most 
probably not structurally connected to the ordinary rhombohedral solid phase, 
which has a lower density than the liquid itself. 

The second postulate involves a repudiation of the usual way of looking at the 
specific heat of solids. Since in 1907 Lewis (8) found his well known formula for com- 
puting the molar heat of a solid at constant volume C., from the observed molar heat at 
constant pressure C,, all who have worked on the theory of the heat capacity of 
solids seem to have compared their results with the empirical values of C,. One 
would believe that the meaning of a procedure so generally accepted should have 
been discussed thoroughly from a theoretical point of view. This seems, however, not 
to be the case. One cannot but suspect that many physicists have drawn an ill- 
considered parallel from the theory of gases, where the difference between C, and 
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C., means the energy used for external work, and of solids where C p> if measured in 
the usual way at practically zero pressure, involves no appreciable contribution 
from external work and thus is already a measure of increase of internal energy 
only. Even if the internal energy were of vibrational origin only, there is no well- 
founded reason why the lattice vibrations should depend in a simpler way on tem- 
perature, if the volume is kept constant by applying heavy pressures, than if the 
lattice is allowed to expand in the way it does at zero pressure. And if, as we now 
assume, the heat capacity and thermal expansion are partly due to structural 
changes, the correction from C, to C,, involves a rather confusing complication. 
In fact, there are no such results obtained by considering C,, instead of C,, that 
they should prevent us from trying other ways of attacking the problem. 

Our postulate that the vibrational part of C,, should be given by a function similar 
to the Debye function involves the simplification that the vibrational energy is a 
function of the temperature only and so completely independent of the structure 
that it is unchanged in the solid and liquid states at the melting point. Though in 
the following we are dependent on this assumption only at high temperatures 
where the vibrational part of the molar heat is rather near to the classical value of 
3 R, it is of interest to note that a wider validity of this simplification can be inferred 
from measurements of the specific heats of substances which can be investigated 
both in the crystalline and in the vitreous state. Of such substances selenium, which 
has been discussed earlier by the present writer (9) is the one nearest comparable 

with the metals. Here ANDERSON (10) found, within the limits of experimental 
errors, the same specific heat for the crystalline and the vitreous states from room 
temperature down to —100° C. In this range of temperature the vibrational part 
of the specific heat dominates both in the crystalline selenium and in the vitreous 
selenium, which has the structure of supercooled liquid selenium frozen at the 
“glass point” at about 30° C. Thus it seems likely that we can use the same function 
for the vibrational specific heat for the solid and liquid (amorphous) states with a 
probable exception of the lowest temperatures where there occur mainly long 
wave vibrations, which may be supposed to be more sensitive to structural varia- 
tions. The very low temperatures, however, are of less importance from our present 
point of view. 

Besides the contributions to the molar heat from the structural and vibrational 
energy metals have also a small contribution from the free electrons. In accordance 
with the elctron gas theory, measurements at very low temperature have shown 
this contribution to be proportional to the absolute temperature. 


4. Thermodynamic functions 


According to our postulates and what was said in the preceding section, there 
exists a structural part C, of the molar heat which is given by the formula 


where C, is the observed molar heat at constant, practically zero, pressure, Cp 
in the simplest cases a Debye function with a value of the characteristic temperature 
@ determined from the temperature dependence of the specific heat at low tempera- 
tures, and y7' the small contribution from the heat of the free electrons which 
is proportional to the absolute temperature 7’, the constant y being known for a 
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few metals from measurements at very low temperatures. As the vibrational energy 
is supposed to be a function of the temperature only, the heat of fusion LZ at the 
melting point 7’,, is entirely of structural origin, and the structural energy per mol 
of the solid at a temperature 7’ is given by 


wh 
U.= | C.dT (2) 
0 
and that of the liquid by 
I'm th 
U.= (OdT+L+]C.dT. (3) 
0 Tm 


In a similar way we obtain the structural part of the molar entropy of the solid 


rc 
niet 4 
s- | Gar (4) 
0 
and that of the liquid 
Tm T 
Cs ag? Cs 
s- [Gare a+ [Gar. (5) 
0 T 


m 


The structural state of equilibrium is determined by the condition that the ter- 
modynamic potential which, when the pressure is practically zero, may be replaced 
by the free energy, has to be a minimum. The molar free energy may be written 


FPS PF(T)¥U,-TS. (6) 


where /’(7) contains the vibrational and electronic parts which are functions of 
the temperature only, and U, and S, are the structural parts of energy and entropy 
which, mutually connected, describe various geometrically possible structural states. 
The state of equilibrium at any temperature is given by the condition that F has 
to be a minimum. The derivative of / with respect to any variable describing the 


structure thus has to be zero, and we obtain from eq. (6) as a first condition for 
equilibrium 


ees (7) 


A necessary condition for a minimum is that the second derivative is positive. 
Taking S, as the independent variable we get 


(52) aul. Ba un 2 an G 
082) 7 tage ety 8) 
where dT and dS, are variations of 7 and S, connected on the condition of equili- 


brium. The equilibrium values of U, and S, are obtained empirically by eqs. (1) to (5) 
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5. Continuation of the solid-liquid transition 


A first test on our postulates is obtained by an examination whether the struc- 
tural energy U, and the structural entropy S, determined from experiments by 
means of the formulae of the preceding section are mutually connected in such 
a way in the stable states, below and above the melting point, that a simple continua- 
tion through the range of instable states is possible. Instead of using for this purpose 
an U,-S,-diagram (such a diagram will be shown later in fig. 6) we have found it 
more convenient to use a diagram with S, asa function of the derivative d U,/dS,, 
which according to equation (7) in the stable ranges is equal to the temperature 7’. 

Unfortunately there are only three metals, mercury, lead and tin, for which the 
molar heat C, has been measured both below and above the melting point with the 
accuracy necessary for our purposes. 

In the case of Hg a recent work of Pickarp and Sron (11) contains all the 
needed data from the lowest temperatures up to 300 °K, the melting point being 
234.4 °K. For the range of temperature from the melting point up to 450 °K we 
have also taken into account results of RANDALL and LaneGrorp (12). The vibra- 
tional part of the molar heat has been calculated by means of an empiric, two-term 
expression found by Pickarp and Simon to describe the molar heat at low tempera- 
tures and consisting of the sum of a Debye function (characteristic temperature of 
© = 120°) and an Einstein function (0 = 25°) or 


C = 3 Debye (120) + 4 Einstein (25). 


The electronic part of the molar heat is not known for Hg. Probably it is small, 
and it has not been taken into account in our calculations. 

For Pb at low. temperatures we have used the values given by EucKEN in the 
tables of LanpoLtt-BORNSTEIN (13), and in the range from 300 to 800 °K, on both 
sides of the melting point at 600 °K, the results of measurements by KLINKHARDT 
(14). According to Eucken the vibrational part of the molar heat is calculated by 
means of a Debye function with 9 = 88. From the measurements of KmEsom and 
VAN DEN ENDE (15) at very low temperatures we have concluded that the electronic 
part, which is not exactly determined, is small and it has not been taken into 
account. 

For Sn in the low temperature range we have again used the values of HucKEN 
from the tables of LANDOLT-BORNSTEIN (13), and for a range from 250 to 850 °K on 
both sides of the melting point at 505 °K the measurements of KuinkHarpt (14). 
KLINKHARDT’s results for Sn are only given by a diagram from which we have 
reproduced the original values by means of a measuring microscope. According to 
Kerersom and van Laer (16) the electronic contribution to the molar heat is 0.00040 
T cal/degree and the contribution from the atomic vibrations is given by a Debye 
‘function with O = 185. The entropy curve for low temperatures is probably somewhat 
unreliable and the entropy values at higher temperatures may be affected with a 
small constant error which, however, is of no importance for our main problem. 

In the diagrams of fig. 1, 2 and 3 the entropy values obtained from the experi- 
mental data below and above the melting point are given by the crosses and the 
fully drawn lines AB and FG. These lines are such that they are easily connected 
by a continuous curve BCDEF, which has been calculated in the following way. 
We have taken as origin the point B, where the temperature is that of the melting 


195 


G. BORELIUS, On the solid-liquid transformation in metals 


0 200 400 


Fig. 1. Structural entropy versus temperature for Hg. 
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Fig. 2. Structural entropy versus temperature for Pb. 
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Fig. 3. Structural entropy versus temperature for Sn. 


point 7’, and the structural entropy that of the solid at the melting point S,,. 
Our variables thus are the differences t = 7’ —T',, and o=S, —S,,. These variables 
have to obey the following conditions. At o = 0 we have t = 0 and dt/do has to equal 
the empirical value « =dT'/dS, of the solid. At o =A, where A is the increase in 
entropy at fusion, we have t=0 and dt/do has to equal the empirical value 6 = 
=dT/d8S, of the liquid metal. A further condition is that the variation of internal 
energy along the line BCDEF has to be the same as directly along BDF. As the 
energy ina 7-—S-diagram is given by the areas, this condition means that the area 
BCDB has to equal the area DEFD or 


A 
[ tdo=0. 
0 
These five conditions are satisfied, as found by simple calculations, by the formula 
Banat wale op hoy o\3 sas (Ss) 
4 = cidial gh? (3) A189 4p)(5) 2 N\A o 


The values obtained by this formula with values of o/A from 0.1 to 0.9 are marked 
by dots on the extrapolated curves in the figures. Because of the special conditions 
for the formula the curves are probably quite reliable in spite of the fact that we 
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could not expect an elaborate statistic theory to describe the transformation phenom- 
enon by an algebraic function. ; , 

In the case of Sn we have also made a calculation including the electronic 
energy in the structural, as we were forced to do in the cases of Hg and Pb. Parts 
of the curves obtained in this way are shown by dotted lines in fig. 3. From the 
differences between this curve and the others we conclude that if a similar electronic 
part had been taken into account in the case of Hg and Pb, the temperature minimum 
at E would have been displaced a few degrees towards lower temperatures. 


6. The sub-coolability of liquid metals 


Of the curves in the figures 1, 2 and 3 the parts BC and FE, which have positive 
values of the derivative d7'/dS, and thus satisfy the condition of formula (8), corres- 
pond to thermodynamically metastable states. The part BC should correspond to 
a superheated solid state, which as is well known, is not realizable, probably because 
the crystal surfaces act as nuclei for the liquid state. The part FE corresponds to 
the sub-cooled liquid state. As the part EDC with negative values of d?U,/dS? 
corresponds to thermodynamically instable states, the temperature at the point 
E means a lower limit of ordinary metastable sub-cooling. 

According to views held by the present author in discussions on sub-coolability 
in connection with disorder-order transformations and precipitation phenomena, 
the velocity of nucleation should increase rapidly when the temperature is lowered 
below the lower limit of thermodynamic metastability. In fact there is also in the 
present case, of liquid-solid transformation, a striking coincidence between the lower 
limit of metastability as calculated on the basis of our postulates, and the tempera- 
tures below which nucleation in the sub-cooled liquid metals is known from exper- 
iments to proceed with high velocity. On this subject valuable experimental in- 
formation is to be had from recent studies by VonnEGut (17), TURNBULL (18) and 
TurnButt and Cesu (19) on the ability to sub-cool of a number of pure metals in 
the form of small droplets. The dividing of the metals into droplets means isolating 
in a small number of the droplets the foreign particles, which already at slight 
sub-cooling act as crystallization nuclei. The rest of the droplets can be sub-cooled 
without crystallizing down to a fairly well defined temperature which, properly 
determined, seems to be a characteristic property of the metal itself, The distance of 
this lower limit of sub-cooling from the melting point was found to vary from 13 
to 25 per cent of the absolute temperature of the melting point. The limits obtained 
for mercury, lead and tin are marked as arrows in our figures 1, 2 and 3. The differ- 
ences between the empiric lower limits of sub-cooling and our calculated lower 
limits are within the limits of the uncertainty of the experimental data on which 
our calculations are based. 

Fiscuer, Hottomon and Turnputt (20) have already tried another inter- 
pretation of these phenomena on the basis of a hypothesis, which was used in other 
fields of phase transitions by Gipss and Voumer and first applied to transformations 
in metals by Becker (21), namely the hypothesis that the limiting phenomenon 
of nucleation is a surface energy of the nucleus. On this assumption they have cal- 
culated from the results of sub-cooling, the surface energy of the contact boundaries 
between solid and liquid metal phases. For a further test, however, this interpreta- 
tion would need an independent determination of such surface energies. At least 
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so far, the conception of surface energy has not been able to connect the sub-cooling 
phenomena with experimental results from other fields in such a simple way as the 
interpretation given in the present paper. 


7. Specific heat of liquid metals in the sub-cooled state 


If the diagrams of the figures 1-3 are right in principle, the derivative dT/dS, 
has to approach zero when the temperature of the sub-cooled liquid is lowered towards 
the lower limit of metastability at E. Since in the ranges of temperature where the 
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Fig. 4. dT'/dSs versus temperature. 


liquid is stable or metastable dS,, according to the definition of entropy, is equal 
to C,dT/T, we must expect 7'/C, to approach zero at the limit E. 

Fig. 4 shows for Hg, Pb and Sn, the empirical values of 7'/C, in the ranges above 
the melting points as a function of temperature and also the dotted continuations 
of the curves, extrapolated below the melting points according to the curves in the 
figures 1, 2 and 3. In the case of Hg the slope of the experimental curve indicates 
a lower limit of metastability somewhere in the neighbourhood of the empirical 
lower limit of sub-cooling. In this case the coincidence is thus independent of the 
assumption of continuity between the liquid and solid states and is made probable 
by the properties of the liquid only. On the other hand, in the case of Pb and espe- 
cially Sn such a coincidence could scarcely be predicted without the aid of the 
assumption of continuity. 

For the sub-cooled liquid we should expect, if the extrapolations of fig. 4 are 
correct, an accelerated increase of the specific heat. A determination of the specific 
heat of sub-cooled liquid metals, which may be difficult but probably not impossible, 

should thus give a conclusive test of the existence of a lower limit of thermodynamic 


metastability. 


8. The structural energy 


In section 5 we used an entropy-temperature diagram as the best one for calculatin g 
a curve describing the continuity of the transformation. The laws regulating the 
structural transition are, however, as well or more simply demonstrated by means 
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Fig. 5. Structural energy versus temperature for Pb. 


of an energy-temperature diagram. Fig. 5 shows the values of U, as calculated from 
empirical data for Pb plotted against 7. Of this curve the parts AB and FG are 
obtained from empirical data according to eqs. (2) and (3), and the part BCDEF is 
calculated in accordance with the calculated continuation in fig. 1. Corresponding 
diagrams for Hg and Sn show the same principal features. Such diagrams may 
be a useful guidance for attempts towards a statistical theory of the fusion phenom- 
ena. It is of special interest to notice the difference between the curve of fig. 5 and 
a corresponding diagram in the case of an order-disorder transformation in an alloy. 
In that case the structural energy above the critical point approaches a constant 
limiting value, representing the full disorder, whereas in the case of liquid metals 
the structural energy increases approximately proportionally to the absolute 
temperature. 

The aim of a statistic theory of the phenomena of fusion will probably be to find 
the energy U, and the entropy S, as functions of a suitable structural parameter. 
The mutually connected values of U, and S, will then, if our phenomenological 
description is correct, have to give a diagram like that shown in fig. 6 for Pb. The 
positive derivates dU,/dS, represent the temperature. The slope of the common 
tangent is the absolute temperature of the melting point. 


9. Dependence of the thermal expansion on the internal energy 


As shown long ago by GRUNEISEN (22), there is a close relationship between the 
thermal expansion of a metal and its internal energy. At low temperatures the 
increase in volume above the volume at the absolute zero point is simply pro- 
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Fig. 6. Structural energy versus structural entropy for Pb. 


portional to the increase of internal energy which at these low temperatures is pre- 
dominately of vibrational origin. At higher temperature the increase in volume is 
greater than should be expected from this proportionality, and GRUNEISEN has 
described this increase by well-known semi-empirical formulae. GRUNEISEN confined 
himself, however, to the solid state, and his discussion does not include the change 
of volume at fusion and in the liquid state. From our present point of view it is 
tempting to ascribe this excess increase of volume including that of fusion to the 
structural part of energy, separated from the vibrational part by our basic assump- 
tion. The simplest possible working hypothesis would be that the total increase of 
volume is a sum of two parts, one proportional to the vibrational energy, and the 
other proportional to the structural energy. According to this hypothesis, we should 
have for the variations of the volume V the formula 

Veg eu D U, 


V a tbs (9) 


where V, is the volume at absolute zero temperature, and a and. b are empirical 
constants with the dimension of the reciprocal of temperature. 

As shown by figure 7, formula (9) is well satisfied in the case of Pb. The lower 
diagram for the internal energy is obtained from the sources already mentioned 
in section 5. The sources for calculating the values of the volumes marked by crosses 
in the upper diagram have been, for temperatures below zero and up to 100°C, 
expansion measurements by Epertr (23) and GRUNEISEN (22), for temperatures 
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Fig. 7. Volume expansion compared with internal energy for Pb. 


from 100 to 300°C measurements by Urretmann (24), above the melting point, 
density measurements by Day, Sosman and Hosrerrer (25), and just below the 
melting point a density measurement by VicenTrnt and Omopet (26). The values 
calculated from eq. (9) with a = 24.7 10-6 and b = 53.7 x 10-8 are marked by dots. 
The scales of the diagrams are chosen in such a way that the calculated vibrational 
parts of the internal energy and volume marked by the dotted lines have the same 
size in both diagrams. 

For the present, Pb seems to be the only metal for which we have sufficiently 
good experimental data for a full test of eq. (9). In the case of Hg and Sn there are 
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measurements of the same kind as for Pb. As, however, these metals have non- 
cubic lattices with different coefficients of expansion parallel to and at right angles 
to the hexagonal or tetragonal axis, measurements of expansion coefficients on 
poly-crystalline specimens do not give reliable results about the real volume changes 
of the lattice. This fact has been clearly demonstrated by the present author in the 
case of selenium (9). Especially at low temperatures expansion measurements on 
single crystals or by X-ray methods are very much needed. In the cases of Al, Ag 
and Au, which have also been examined, measurements of the internal energy in 
the liquid state, which are rather difficult to perform, have so far only been made 
as an orientation for technical purposes. Concerning the liquid state the only conclu- 
sion to be made for the present is, that in all these cases an agreement with our 
formula is possible within the limits of the probable uncertainty of the experimental 
results. 

In the case of solid copper we can, however, use extensive and concordant results 
of different authors on the thermal expansion and specific heat for a sensitive test 
within the range of temperature from 0 to 900° C. For this purpose we derive eq. 
(9) with respect to temperature, which gives « =a’Cp + 6’O, or 


(10) 


Here « is the coefficient of volume expansion, as usual referred to the volume at 
0° C. a’ and 0b’ are constants, differing from a and 6 in eq. (9) by a constant factor 
depending on the unities used. Cp is the specific heat calculated from the Debye 
formula with the characteristic temperature of copper taken as 0 = 325, and C, 
is the structural part of the specific heat calculated by means of eq. (1). Expansion 
coefficients at 400, 585, 721, and 821° C are taken from the lattice-constant deter- 
minations of Humm-RotTHery and ANDREWS (27), which are also in good agree- 
ment with usual expansion measurements by Essmr and HKusTERBROCK (28). Expan- 
sion coefficients at 73, 241, and 437° C are taken from expansion measurements by 
Nrx and MacNarr (29). Values of the atomic heat C, at these temperatures are 
interpolated from the tables of Lanpout-BORNSTEIN, where the values, in the 
range of temperature concerned, are mainly based on the measurements of KLINK- 
HARDT (14). A later determination by SzEKamp (30) has given slightly lower values. 
For the sake of simplicity we have taken the values from the literature directly in 
calories per degree. The electron part of the atomic heat is taken as 0.000178 T in 
accordance with the results at very low temperatures by Kox and Kernsom (31). 
In figure 8 the circles give the values of «/Cp plotted against C, / Cp. According to 
eq. (10) they lie within the limits of error on a straight line. The limiting value of 
a/COp, a’ =8.3 x 10-8, at C,=0, that is at low temperatures, is in good agreement 
with the values obtained for «/C, from measurements at low temperatures by 
' Griwetsen (22), Boretius and Jonansson (32), and Nix and McNatr (29), or 
8.1, 8.1, and 8.3 x 10-8 respectively. The empirical value of the slope is b’ = 18 x 10~°. 
This constant b’ should also, according to our postulates, be obtainable in an inde- 
pendent way from the change of volume A V and internal energy LZ at the melting 

point. We get from eq. (9) 
eee (11) 
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Fig. 8. Increase of expansion coefficient with increase of structural atomic heat _for Cu. ] 


where V, is the volume at the reference temperature 0° C. An extrapolation of the 
lattice-constant values of Humre-RotHery and ANDREWS (27) up to the melting 
point at 1084° C and down to 0°C give the ratio of volume between these tempera- 
ture 1.068. An extrapolation of the density values of WripAwskI and SAUERWALD (33) 
for liquid copper down to the melting point gives 9 = 7.94 g/em*, which compared 
with the X-ray value for 0°C, 9 = 8.939, gives a volume ratio for the liquid of 1.126. 
The value of A V/V, thus is 0,058. The latent heat of fusion was determined by 
Wist, MeuTHEN and Durrer (34) to L =3 240 and by Umino (35) to L =3 180. 
Using the mean value 3 200 we then obtain 


, 0.058 


a —6 
3 200 18x10 


in full agreement with the value obtaind from the slope in fig. 8. 

The crosses and the dotted line in fig. 8 is for a comparison calculated by neglect- 
ing the electron part in eq. (1), that is by including the electron energy in the 
structural energy. The slope of this line is 14.5 x 10-8 and is not in accordance with 
the observed discontinuities at the melting point. We must, however, emphasize 
that especially the determinations of the heat of fusion may be rather uncertain, 


10. Concluding remarks 


For the present an accurate test of our general assumptions has only been possible 
for a few metals, and the study of the literature has shown the need of further 
accurate calorimetric measurements at high temperatures and, concerning the 
changes in volume of the non-cubic metals, expansion measurements at low tempera- 
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tures on single crystals or with X-ray methods. It is, however, already possible to 
calculate what we have called the structural parts of internal energy, entropy and 
volume expansion for many metals to a first rough approximation over a wide 
range of temperature. This will give a widened basis for the test of atomic and 
statistic theories of the liquid state, which have so far mainly been confronted with 
the changes of energy, entropy and volume at the melting point. 

We have confined ourselves to a phenomenological and thermodynamic treat- 
ment and shall not enter upon the various attempts that have been made towards 
a statistical theory of the liquids, but just mention a few further observations from 
the phenomenological point of view. 

It is a remarkable fact, pointed out by Hume-Roruery (27) and others, that 
the determination of lattice constants and measurements of outer dimensions of 
samples of single cubic solid metals give almost the same thermal expansion coef- 
ficients. The percentually considerable part of the expansion of the solid which 
we have called the structural part, thus cannot be ascribed to the opening of atom 
vacancies or other local thinnings of the lattice, without a compensation by inter- 
stitial atoms or other local concentrations. If we now have to assume that the 
liquid state is a continuation of the solid with the same type of disturbances, only 
on a larger scale, the theory of liquids will have to face the same limitations. 

Another interesting experience is that the purely thermal lattice disturbances 
_ must have very short, if any, time of relaxation after a rapid variation of tempera- 

ture. In fact, we have tried in our laboratory by the methods of isothermal calori- 
metry, which have made it possible to follow the evolution of heat during recovery 
after coldworking, to find relaxation phenomena after rapid variations of the tem- 
tperature of not coldworked metals, but so far without any result. 

I am indebted to Mr Lars-Errk Larsson for good assistance in searching the 
literature and making numerical calculations. 


Stockholm, Royal Institute of Technology, Physics Department. 
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On fusion as order-disorder transition 


By G. BoreE.ius 


With 3 figures in the text 


The establishment of the existence of order-disorder transformations by the study 
of alloys led to an extension of the thermodynamics and statistics of transformations 
by introducing a new variable, the degree of disorder (or order). It was not long before 
this new possibility was tried on the theory of fusion, and there is now a variety of 
theories which treat the structure of the liquid state as a highly disordered crystalline 
structure. The early theories of this kind (1,2) consider fusion as a transition from 
a rather highly ordered solid state to a liquid state with nearly complete disorder, 
thus approximately identifying the increase of energy and entropy at the melting 
point witha maximum energy or entropy of disorder. These theories have placed fusion 
very much on a level with a highly discontinuous order-disorder transformation in an 
alloy of stocheometric concentration. The calculation of the change of entropy under 
these conditions has met, however, with great difficulties. 

A recent analysis by the present author (3) of the specific heat of metals led to a 
rather different view. According to this analysis, the structural part of the entropy, 
which is a kind of measure of the degree of disorder, should have reached values being 
an appreciable part of the melting entropy even at temperatures below the melting 
point, and should continue to increase above the melting point without showing any 
tendency to approach a limiting value. 

On the basis of this interpretation we shall in the following give a description of the 
solid-liquid transition as an order-disorder phenomenon, which on the one hand has a 
formal similarity to the author’s theoretical description of order-disorder phenomena 
in alloys, but on the other hand also takes into account and demonstrates the charac- 
teristic differences between the two phenomena. As a comparison between the two 
types of phenomena is of a certain interest, we shall start with a short reminder of the 
theory of the transitions in alloys before going on to our main subject, the solid-liquid 
transition of a pure metal. 

The order-disorder transition in an alloy of the simple type AB was first described 
mathematically, in a way approximately fitting experimental facts, by the present 
author in 1934 (4). In full order the alloy contains two partial lattices, one with A- 
atoms only, and one with B-atoms only. The degree of disorder is defined as the frac- 
tion q of A-atoms and B-atoms, which have gone over to the wrong partial lattice. 
On the simplifying assumption that the distribution of the two types of atoms within 
each partial lattice is at random, the structural entropy is found to be 


Ss=R[—g¢ ln g-~(1—¢) b A —@)), (1) 
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Fig. 1. Structural entropy and energy as functions of the degree of disorder in alloys. 


R being the gas constant. The highest value of S, is 0.693 R for g=0.5, corresponding 
to full disorder. Values of g higher than 0.5 give nothing new because of the symmetry 
between g and 1~—q. 

The structural energy U, was calculated on the same simplifying assumption as the 
entropy and by ascribing different energy values to all the various groups of neigh- 
bouring atoms which differ from each other with respect to their numbers of A- and 
B-atoms and their geometric configurations. The equivalence of g and 1—gq give a 
symmetrical expression of the type 


Us=R[ag(1—g)+B g?(1—g)?+--] (2) 


where a, 8... are constants to be determined by experiment. If groups of atoms 
containing more than five atoms are neglected, the expression is complete with the 
two terms. 

The two expressions (1) and (2) with two empirical constants together with the 
thermodynamic condition for equilibrium, which may be written 


dUs aS 
T=—>:;:— (3) 

dq dq 
determine the whole transition phenomenon from the point of view of long range 
order including the critical temperature and the structural energy and entropy as 
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Fig. 2. Structural energy as a function of the structural entropy. 


functions of the absolute temperature 7. The constant f is always found to be neg- 
ative. 

The transition in CuAu, which has a discontinuity of the first order, is found to 
agree well with the values «=2325 and B= —2250 (5, 6). The transition in CuZn, 
which has no discontinuity of the first order, agrees with « =1850 and f = —684 (6). 
In figure 1 the upper diagram shows S,/ R asa function of g according to equation (1). 
The lower diagrams show U,/ RF as a function of g for CuAu and CuZn calculated 
according to equation (2) with the constants mentioned. A seemingly small variation 
in the bending of the curves makes the discontinuity of the first order appear or dis- 
appear. 

Concerning the solid-liquid transition we start from the structural energy U, and 
structural entropy S, of some pure metals, as calculated in the preceding paper. 
These calculations were carried out on the assumption that the observed molar heat 
C,, is the sum of three parts, the structural part O,, the vibrational part Cp, which at 
high temperatures approaches the classical value 3 R, and a small contribution C, 
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Fig. 3. Structural entropy and energy as functions of the degree of disorder in pure metals, 


from the free electrons. The heat of fusion was assumed to be entirely of structural 
origin. Plotting corresponding values of U, and S, for the same temperature for Pb, 
Sn and Hg gives the diagrams shown in figure 2. In this figure the parts AB and FG 
correspond to stable states below and above the melting point. These parts are ob- 
tained from empirical data. The part BCDEF which corresponds to metastable or, 
from C to HE, unstable states, is obtained by a mathematical expansion based on the 
assumption of continuity. For details we refer to the quoted papers (3). 

_ The next step towards a description of the phenomenon of fusion analogous to that 
of order-disorder phenomena in alloys should be to bring the rather complicated 
dependence of U, and S, on 7’, or of U, on S, into the form of simple expressions for 
these quantities as functions of a suitable disorder parameter. After searching in 
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different directions we have found the following approach to comply with these 
requirements and experimental conditions. 

At the absolute zero point the N atoms of a gram atom have N possible sites. At a 
finite temperature 7' the thermal motion of the atoms has produced a certain ther- 
mal expansion thereby opening up x N new sites. The total number of sites thus is 
(1 +2) N, of which N are occupied by atoms and aN are not. The number of ways 
in which such states can be realized is 


_(l+a)N3 
NEN I (4) 
The structural entropy, defined by 
Ss=k In W (5) 


where k is the Boltzmann constant, becomes using the Stirling formula: 
Ss=R[-2 mn x+(1+z2) In (1+2)] (6) 


R=KN denoting the gas constant. S, as a function of x is shown in the upper diagram 
of figure 3. The corresponding values of the structural energy U, are obtained from 
the U,-S,-diagrams (fig. 2). U,/R as a function of x for Pb, Snand Hg are given in the 
lower diagrams of figure 3. We see that the parameter z as a measure of disorder ful- 
fills the requirement that S, and U, should vary in a simple way with this parameter. 

A comparison of the diagrams in figure 1 for order-disorder transitions in alloys 
and those of figure 3 for the solid-liquid transitions shows, that at low values of the 
disorder parameters g and x respectively the diagrams are rather similar, whereas 
there is a fundamental difference at higher values. q stops at 0.5 while x goes on at 
least to values of about 4 without sign of an upper limit. 

The expression for the entropy in equation (6) is formally the same as was obtained 
earlier (1) on the assumption that the new sites appearing with increasing tempera- 
ture should be holes where atoms are missing from the lattice. This hole model, how- 
ever, is not consistent with the great number of new sites calculated on the basis of 
our phenomological analysis. Thus in lead, for instance the number of new sites just 
below the melting point is found to be 17 per cent of the number of atoms, and just 
above the melting point 110 per cent. If the holes were of the size of the atoms, one 
should expect a similar relative increase in volume above the volume at absolute 
zero temperature, whereas the increase in volume which was ascribed in the earlier 
paper (3) to structural variations was only about 1 and 4 per cent, respectively. The 
hole theory is also inconsistent with the fact that the expansion coefficients are found 
to be the same if determined from the outer dimensions of a sample or from the X- 
ray measurements of lattice constants. 

The picture behind our development of formula (6) is not that of holes where atoms 
are missing but of new sites, opened up in a fluctuating way between the atoms. As 
a simple illustration we may consider three atoms A, B, and C, in a row. At the 
ordinary distance between A and C, the atom B has only one centre of force, that is 
one minimum of potential energy halfway between A and C. At a certain increase 
in the distance A C this minimum will divide into two minima with a potential 
barrier between them. The atom B has thus a choice between two centres around 
which to oscillate, instead of the only one as in the undisturbed lattice. Such a pic- 
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ture, however, can obviously not be finally accepted without a thorough theoretical 
test of its probability from a lattice-geometrical point of view. 

Within the limits of experimental error the structural energy U, at low values of 
az is found to be proportional to w. This is what must be expected from a suitable 
theory in the range where the new sites are few enough to be in general separate 
‘ from each other. In the range from say «=0.3 to x=1, the U,-a-curves bend and 
then continue with a smaller but rather constant slope. The bend appears, from our 
interpretation, to be the cause of and a necessary condition for the discontinuity 
in the solid liquid transition and should thus be looked upon as a very general and 
fundamental phenomenon. It is near at hand to search for the origin of this bend in 
a clustering of the new sites as chains or surfaces or bigger holes. A special possibility 
to consider is also that of a fluctuating network of surfaces dividing the specimen 
into cells with a rather undisturbed lattice, which is an idea, found in certain theories 
of the liquid state. However, also for such questions a further development of the 
theory on a geometrical and statistical basis is required. 


Stockholm, Royal Institute of Technology, Department of Physics. 
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Evidence of a band structure in the Compton radiation 


from solids 


By Kessar ALEXOPOULOS and Gésta BrRocGREN 


With 9 figures in the text 


When X-rays strike matter they are scattered in various directions, partly without 
change of wave length (unmodified radiation or Rayleigh line) and partly with such 
a change (modified radiation or Compton line). The Rayleigh radiation can be 
divided into two parts: The first component may be understood in a classical way; 
because of its coherent nature, it gives interference effects and is not scattered in 

all directions from a poly-crystalline solid, but concentrates in certain directions 
giving the Debye-Scherrer lines. The second term is also unmodified — it has practi- 
cally the same wave length as the incident radiation — and is due to thermal agita- 
tion in the crystal. Contrary to the first term, this second term is incoherent as 
there is no definite phase relation between the waves scattered on the different 
atoms. The Compton radiation is also incoherent and cannot show interference 
effects. Both terms are scattered in all directions, and consititute the diffusely 
scattered radiation. Their intensity, as a function of scattering angle g, have been 
measured for Be (1, 2) and B (3) and have been found to agree satisfactorily with 
calculated values. The general trend of the intensity is to start from zero for y =0, 
and to increase with this angle. 

The wave length of the Compton radiation depends on the state of the electrons 
that produce the scattering: When the electrons are at rest (case of free electrons) 
the spectrum of the modified radiation consists of a single line. When the electrons 
are bound, this line broadens symmetrically into a band. SOMMERFELD (4) has 
shown that, if the energy imparted to the electron is small, the band will have a 
sharp limit towards the short wave lengths, and a few “electronic Raman lines” 
will appear between the primary line and the limit. It is clear that this is valid only 
for electrons belonging to free atoms as only these have discrete energy levels. 
This picture should be modified for solids as the energy levels are replaced by energy 

‘bands. The spectrum of the scattered radiation will depend on the density distribution 
of states in the highest occupied zone, and in the free zone above it. The Compton band 
with a sharp limit and the electronic Raman lines will be replaced by broad bands, 
possibly with a structure. If the highest occupied zone is filled, and there is a for- 
bidden zone above it — as is the case of isolators — the Compton band should show 
a limit towards short wave lengths. The energy shift between this limit and the 
primary line will be equal to the breadth of the forbidden band. 

Although most experiments on Compton scattering have been done on solids, 


213 


K. ALEXOPOULUS, G. BROGREN, A band structure in the Compton radiation from solids 


eal 


Fig. 1. Principle of the experimental arrangement. 


such a structure has not yet been observed, because of the short wave lengths used. 
As far as we know no careful spectroscopic investigation in the large wave length 
region has been attempted. Here follows an account of experiments carried out under 
conditions suitably chosen so as to make an eventual structure observable. The 
choice of wave length, scattering angle, and scatterer has been discussed by FRANZ (5) 
in the case of free atoms, but the same considerations will be valid for solids. The 
present experiments were carried out with copper K «-radiation scattered on beryl- 
lium and carbon under angles between 17° and 45°. 


Experimental arrangement 


The arrangement consists in principle of an X-ray tube irradiating a solid and of 
a spectrometer analysing the spectrum of the scattered rays (Fig. 1). The spectro- 
meter is of the bent crystal type; it collects rays scattered under angle m and colli- 
mates them, according to their wave length, as points on the Rowland circle. The 
intensity of the radiation is measured with a Geiger Miiller counter, covered with 
a slit-bearing screen. By measuring the intensity passing through this slit, when it 
is moved on the Rowland circle, we obtain the desired spectrum. 

The X-ray source was of the standard type used in the Uppsala laboratory (6), 
but so constructed as to carry an adjustable slit (S) at a distance of 31 mm from the 
centre of its focal spot (Fig. 2). The target was of Cu and the focal spot had the 
dimensions 2 x 15 mm capable of withstanding a load of 50 kV and 40 mA. The 
angle between the surface of the anticathode and the line between the mid-point 
of the crystal and the centre of the focal spot was 8°. This arrangement limited the 
effective height of the focal spot to 2.1 mm. 
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Fig. 2. The X-ray tube and the slide, carrying the scatterer. 


&00 850 900 950 1000 


Fig. 3. The spectrum of the primary radiation. 


The entire tube unit was placed on a flat iron table, and could be turned round 
a vertical axis A. The scattering solid was fixed on a slide permitting its horizontal 
displacement, so that its scattering surface could contain axis A. The slide was 
fixed on a cone permitting it to be turned round this axis. 

The holder, bending the crystal, is a novel construction (7) consisting of four 
vertical steel rods held in a brass housing. The other parts of the spectrometer, i.e. 
turning table, its displacement slide etc., were the same as had been used in a pre- 
vious work (6). The GeiceR MU.ier counter was the Philips standard type 62019 
with a thin mica window. Before going through the window the rays had to pass a 
slit, 100 » wide and 14 mm long. The motion of the counter along the Rowland 
circle was caused in the usual way (6). 

We choose as crystal grating a quartz plate cut along the 1340 lattice plane. 
This plane has a spacing of 1177.3 X.U. and reflects the copper K« lines at the 
convenient angle of about 40°. The structure factors of the higher orders are very 
small. This, together with the fact that the sensitivity of the G-M-counter rapidly 
decreases with decreasing wave-length, results in the fact that higher order reflec- 
tions are negligible (8). The focussing qualities of the crystal were controlled optically 
during its bending, and a good result was obtained with a Rowland circle of radius 
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Fig. 4. Typical form of the spectrum of the scattered radiation. 


R =254 mm. Under these conditions the dispersion along the Rowland circle was 
3.51 X.U./mm. The quality of the bent crystal was then further investigated with 
X-rays. In this preliminary experiment the X-ray tube was turned into such a 
position that the direct beam hit the bent crystal under the proper glancing angle. 
The spectrum of the primary radiation was recorded in this way (Fig. 3). The 
widths of the «, and «, lines constitute a measure of the quality of the spectro- 
meter. The total observed width 220 (all measurements are given in yp along 
the Rowland circle) should be the sum of the natural width 165 yp (=0.58 X.U.) 
the widening 30 u due to the aperture of the curved crystal plus a small term due 
to the breadth of the slit. Thus, the preliminary experiment showed that there is no 
widening caused by imperfect bending. 

The most important adjustment is to move the crystal table along its slide (M 
in reference 6) until the converging cone — shown in broken lines in Fig. 1 — con- 
tains the vertical axis A. In this position the rays emitted from the scatterer towards 
the curved crystal strike it under the proper glancing angle. This adjustment is 
done during the preliminary experiment by fixing a slit at the position of the vertical 
axis A, and sliding the crystal table until we obtain a maximum intensity of the 
reflected radiation. After the preliminary experiment the slit is replaced by the 
scatterer and the X-ray tube is turned round to such a position that the desired 
angle @ is reached. 

A few words can be spared here on the obtained intensities, as this will give an 
idea of the ordinates in Figs. 4, 5, and 6. During the scattering experiments on Be, 
under the angle g = 35°, and by using 49kV and 26 mA, about 105 counts per 
minute were measured at the a, peak, and about 18 min~! at the continuous back- 
ground (position 800). From these, 12 min-! were due to cosmic radiation, the 
counter being shielded on most sides with about 2 cm of lead. 


Scattering experiments on beryllium 


The scattering material consisted of two beryllium plates in contact, each of 12.5 
mm diameter and 0.5 mm thickness. Such plates are ordinarily used as windows 
on sealed X-ray tubes. The nominal analysis of this beryllium, as given from the 
factory (Brush Beryllium Co.), is as follows: Fe .1%, Al .1%, Si .08 %, Be, 1%, 
Be,O .2 %, Ni .02 %, Mn .02 %, Cu .02 %. Total Be assay 99.5 %. The linear absorp- 
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800 850 900 950 1000 


Fig. 5. Spectra of the radiation, scattered on beryllium. (On this and the following diagrams 
each division on the ordinate corresponds 10 counts/min.) 


tion coefficient for A= 1540 X.U. was found to be 3.8 cm- against 2.88 cm-! for 
pure Be, which is in good agreement with the composition stated. 

We will first describe a typical spectrum such as we have measured it (Fig. 4). 
The surface under the curve may be divided into the folllowing areas: a) background, 
b) line «,, c) line a, d) Compton band. 

In Figs. 5 and 6 we give the results for the various angles.. As to y.= 17°, each 
point was measured with an accuracy of approximately +3%. As we were 
mainly interested in the search for the existence of a structure (i. e. any sudden 
change of the intensity) in the Compton band, measurements at positions 900 and 
910 were subsequently continued. We found that the difference in the two counting 
rates is very small. Thus, the large value at 910 should be attributed to an excep- 
tionally great statistical fluctuation. The counting rates Za, and Za, at the maximum 
of the lines «, and a, the background J,9) measured at the short wave-length side 
(i.e. position 800), the counting rate Igo of the Compton band midway between the 
lines «, and «, (position 900) and I $000 at position 1000 are given in Table I. 


Table I 

Scattering 1 ‘ C 

angle Tay Lay fick pees d) Io00 Lio00 
P 

Wg 44 — 16 6.5 — 
20.5 31.5 25 20 Ab 10.5 
25.5 61 — 15 7 =- 

30 43 23 42 Il 23 
35 78 38 20 13 17.6 

40 97 36 20 15.5 18 
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800 850 900 950 1000 1050 


Fig. 6. Spectra of the radiation, scattered on beryllium. 


The same experiment was carried out at angles 20.5°, 25.5°, 30°, 35°, 40°, and 45°. 
The counting rates for the various angles are not quite comparable with each other, 
as they would have been if the scattering material was of small dimensions and 
completely imbedded in the beam of primary rays. As a measure of the continuity 
of the obtained values, values of Jx, and Jax, are plotted asa function of » (Fig. 7). 
We notice that Ja, and Jax, rise gradually until g =45° where there is a sudden 
increase. This is due to the Debye-Scherrer line of plane (001) that occurs at 45°. 
In this case the coherent radiation becomes very intense and covers all other radia- 
tions, so that measurements at 45° are valueless. The background Igo) is due to cosmic. 
radiation (about 12 min-!) and to the continuous spectrum of the primary radiation, 
scattered on the Be scatterer a) with change and b) without change of its wave- 
length. Both components are practically constant along the measured range of 
wave-lengths. The same is valid for any radiation caused by the «, radiation, diffusely 
scattered on the quartz crystal. For all these reasons the background should reveal 
no important change with g. This is exactly what we find in column 4 of Table I. 
The exceptionally great value at g = 30°, is occasioned by stray radiation in the 
laboratory entering the G-M-tube from behind. This was not noticed until the first 
two measurements (p = 20.5° and 30°) had been made; this was eliminated in subse- 
quent measurements through suitable shielding. 

According to the experimental curves, the Compton scattering starts immediately 
after the Rayleigh line, but does not show any noticeable maximum. The form of 
the distribution curve and the position of its maximum cannot be predicted at 
present. The width of the Compton band for free Be atoms can be extrapolated 
from Du Monn’s (9) results at larger angles and shorter wave-lengths if we assume 
that it is proportional to 2 and to sin /2. The calculated widths are between 7.3 
and 18.6 X.U. for the range of angles measured. On the scale of Fig. 5 this corre- 
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10 


Fig. 7. Counting rate at the maximum of the a, and a,-lines. 


800 850 900 950 1000 


Fig. 8. Spectrum of the radiation, scattered on graphite. 


sponds to lengths of 200 and 500 uy, respectively. Such a broad Compton band cannot 
give an appreciable maximum. Its position depends of course on the scattering 
angle and has been indicated on each curve with an arrow. The experiment shows 
that towards long wave-lengths an extra intensity 1s observed which may be consistently 
attributed to the Compton scattering. The intensity of the Compton band (i.e. the area 
din Fig. 4) cannot be given as the curves have not been sufficiently extended towards 
longer wave-lengths, but if we consider the counting rates [$0 and Ifoo9 as indica- 
tions of its intensity, we will notice a rise with increasing scattering angle, in confor- 
mity with measurements of the total diffuse scattering (1, 2). 


Scattering experiments on carbon 


Carbon was used in graphite and diamond modifications. As the results show 
differences, they will be treated separately. The load on the X-ray tube was 46 kV 
and 38 mA. 

The graphite scatterer consisted of a block, at least 99.9% pure. It was exposed 
to X-rays in the same way as the Be plates in the above experiments. Measurements 
were only carried out at angle p=17° (Fig. 8) because the Debye-Scherrer-line 
for (002), which occurs for an ideal graphite crystal at about 26°, was found to be 
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Fig. 9. Spectra of the radiation, scattered on diamond. 


very broad in the case of the sample used, thus making measurements in the range 
of larger angles impossible. We notice in Fig. 6 that the Compton band has the 
same qualities as in Be. The points beyond the «, line were measured with less 
precision and show therefore greater fluctuations. 

In the case of diamond, 8 flat diamonds, kindly lent to us by the firm Svenska 
Diamantborrningsbolaget, were cemented on a beryllium plate to form an approxi- 
mately flat mosaic surface of about 0.4 cm?. Because of their irregular shapes the 
area occupied was about 1 cm?. Scattering experiments were carried out at angles 
GRRE RA Rete 

The results are given in Fig. 9. The curve for pg = 17° shows no intensity for the 
Compton band in the region between the lines «, and «,. Considering possible errors, 
we may ascertain that J§o0/Za, is smaller than 1/20, as against 1/7 for the same 
position in the case of Be. For larger shifts (position 1010) the Compton band shows 
a relative intensity 1/11. The curves for p = 30° and p = 35° reveal the same qualities. 
Their results are given in Table II. In the case of gy = 35°, which was measured 


Table IT 
eae A 
C Cc C Cc 
? 900 Zyo10 Igoo/T%1 | Tqo19/T% 
a a ee boise 
17 <1 3 <1/33 1/11 
890: 
30 900: <2 6 <1/16 1/5.5 
890: <0.5 <1/38 
35 900: 1.5 12 1/10 1/1.6 


with great accuracy, the Compton band seems to start at a point between 890 and 
900. The counting rates at these two points differ by 2.8 min-! whereas the statistical 
errors are +0.84 and +0.77 respectively, giving an error of +1.1 for the difference. 
If we plausibly assume that the counting rate in positions 880 and 890 is constant 
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and that the same is the case in positions 900-910, this error is reduced to +0.8 
min“. In this case the observed step in the curve is 3.5 times larger than the statistical 
error. The above results can be summed up as follows: The Compton band has no 
appreciable intensity near the primary line. It can be detected easily at shifts of 
about 20 eV. In the curve for g = 35°, there is a sudden change in the counting 
rate between 890 and 900. As this change is nearly four times as large as the statistical 
fluctuations, it must be considered as real and occasioned by a sharp limit of the Compton 
band. A similar change can be observed between 990 and 1010, which is probably 
due to the same sharp limit of the Compton band of the Ka,-line. The fact that 
this change (between 890 and 900) was not observed in the curves for 17° and 30° 
can be explained by the much smaller intensity of the Compton band (see column 
5 of Table IT) and by the fact that the points there were measured with less accuracy. 


Discussion of the results 


This work was started with the ultimate objective of observing the structure of 
the Compton band. On the basis of the current theory of solids, a structure should 
occur, whenever differences in the density distribution of states produce it. The 
experiments indicate that no abrupt changes exist in the spectrum of beryllium 
and graphite, since the Compton band begins near the primary line. For diamond 
there is a limit towards short wave-lengths. 

Because of the electric conductivity of Be, it has long been assumed that the zones 
overlap there, leaving no possibility for the existence of a forbidden zone. Recently 
(10) it has been shown that the absorption edge coincides with the high energy 
limit of the emission line. This fact directly proves that the above opinion is correct. 
Our present results agree with this point of view. 

Graphite is a pure semiconductor if we limit ourselves to the hexagonal plane of a 
single crystal. The calculated (11) state distribution for 7 = 0 will give a Compton band 
with a zero intensity at zero energy shift and with growing intensity as the shift 
increases. The present experiment does not show this behaviour, a) because the 
experiment is not carried out at zero temperature (12), b) because the theory is only 
valid in the case of electrons moving in the hexagonal plane, whereas the graphite 
used was polycrystalline. This view is further corroborated by the observation (13) 
that the limit of the emission line towards short wave-lengths coincides with the 
(rather insecure) absorption edge. 

Diamond has a fully occupied band that is separated (14) from the next free band 
by a forbidden region of about 7 eV. This has been found from absorption experi- 
ments in the ultraviolet. The present experiments also suggests the existence of 
such a forbidden region. If the width of the forbidden region is calculated from the 
distance between the centre of the «,-line and the step near position 900, we get 
the value 7.5 eV. 


The Physical Institute, University of Uppsala, February 1952. 
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The vibrations and bending of pre-stressed circular plates 


By Ernar LinpHoLM 


Introduction 
The practical problem 


When sawing wood with a circular saw the teeth are heated by the friction, 
while at the same time the central part of the saw is thoroughly cooled by 
the air. Owing to the uneven temperature thus obtained stresses appear. When 
they are great enough the saw looses its stiffness and cuts unevenly. 

Methods of compensating for this disadvantage have been known for a long 
time. The first of these methods consists of a special device for heating of the 
central part of the saw as well during cutting. This method will be discussed 
in a later paper by the author. 

The second method is that the central parts of the saw are worked with a 
hammer. This “tensioning” gives to the central parts an expansion causing 
initial stresses, which may compensate for the stresses from the heating of the 
periphery. The pre-stressing must of course be of a sufficient intensity to com- 
pensate for those stresses. On the other hand the intensity of the pre-stressing 
must not be so great that the saw becomes dish-shaped. Therefore one must 
be able to measure the intensity of the pre-stressing. As there are no direct 
methods the following indirect method must be used: 

The saw is supported at two points of the periphery, diametrically opposite 
to each other, and then a straight-edge is placed across the saw at right angles 
to this diameter. For a circular plate without initial stresses the straight-edge 
will rest on the center of the plate, as the deflection is larger for the peripheral 
parts of the plate than for the center of the plate. (Napa 1, 2, TIMOSHENKO 3.) 
For a plate with initial compressive stresses in the central parts the deflection 
will be larger in the center than in the peripheral parts. Therefore the straight- 
edge will rest on the rim of the plate and daylight will be seen between the 
~gaw and the straight-edge. The intensity of the pre-stressing may be judged 
from the size of the clearance. The connection between the sag and the pre- 
stressing will be quantitatively discussed in the last part of this paper. 


Outline of the theoretical investigation 


In an earlier paper the author 4 has treated the stability of a circular plate 
at rest with a symmetrical temperature distribution. The differential equation 
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for the buckling of a thin plate was solved by exact methods, and therefore 
only two simple cases could be investigated. 

In the first case the rim of the plate is heated. It appeared that for a 
high enough rim temperature lateral buckling occurs. The buckling is charac- 
terized by two nodal diameters (m=2), and therefore two crests and two 
troughs are obtained at the rim. 

In the second case the center of the plate is heated. Such a heating is 
equivalent to a pre-stressing of the center of the plate, and the pre-stressing 
is therefore conveniently characterized with the aid of the equivalent temperature. 
It appeared that when the pre-stressing temperature is high enough the plate 
buckles and becomes dish shaped (m=0). Of course it is of importance that 
the initial stresses do not exceed this critical buckling temperature for in that 
case it will be impossible to control the flatness of the plate. 

This treatment of the statical cases forms of course only an introduction to 
the study of the stability of the saw when cutting the wood. When trying to 
investigate this general problem a difficulty at once arises: If the saw buckles 
at the periphery and at the same time rotates, the observer will find the saw 
vibrating with a frequency corresponding to double the angular velocity (as 
m=2). But such vibrations are not possible during cutting, for the cut in the 
wood prevents transverse vibrations at the point of cutting. 

The solution of the problem is that the vibrations of the saw must be in- 
vestigated dynamically. In the saw both standing waves and travelling waves 
are possible. And it may happen that a travelling wave may move backward 
in the saw at the same speed that the saw moves forward. These waves, 
although moving in the saw, are stationary in space. Therefore the cut in the 
wood has no damping influence on these waves and the amplitude of these 
Waves may at resonance be large. 

If the resonance is not exact, i.e. if the backward speed of the wave does 
not coincide exactly with the forward angular velocity of the rotating saw, the 
vibration will slowly rotate in space and the shape of the cut in the wood wil 
be like a sinus-curve. This agrees with experience in practice. 


Earlier investigations as to the vibrations of plates 


The transverse vibrations of a thin circular plate with free boundary have 
been investigated by Kircuyorr 5, 6, 7. SourHWELL 8 has extended KircHHOFF’s 
solution to the case when a circular ring plate is clamped along the inner 
boundary. 

The influence of the rotation on the vibration frequency has been investigated 
by Sropota 9, 10 and by Lamp and Sovrnwett 11, 8. The influence of the 
temperature distribution on the frequency has briefly been discussed by StopoLa 9 
and FREUDENREICH 12. 

; Travelling transverse waves in rotating circular plates have been thoroughly 
investigated owing to their great importance for the stability of turbine discs 
by CampBELL 13 and FreupEnreicH 12. They have given the condition for the 
appearance of a backward-moving travelling wave that is stationary in space 
and have found the following relation: »=mqw, where p/2z is the vibration 
frequency of the turbine disc, m is the angular velocity of the rotation of the 
turbine and m is the number of nodal diameters characterizing the travelling 
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wave. — Their experiments show that this type of vibration may be caused 
by a small air or steam jet directed against one point of the rotating disc or 
by a small D.C. magnet placed near the disc. They found that as a result of 
this small force the turbine wheel developed a violent lateral vibration and 
broke. They have suggested that when such a wave develops under the action 
of steam in a turbine the cause for the trouble must be small irregularities in 
the nozzles (cf Horr 14). — In analogy to this the cause for such waves in 
the saw when cutting wood must be sought in the small force which the wood 
exerts on one side of the saw. 


The aim of this investigation 


In this paper we intend to investigate how the vibration frequencies of a 
circular plate with a free boundary are influenced by rotation, by pre-stressing 
of the central parts, by heating of the periphery and by clamping at the 
center. The vibrations are characterized -by a varying number of nodal dia- 
meters. Vibrations with nodal circles will not be considered. 

The theoretical results are then applied to a computation of the critical speed 
of a circular saw. Our intention is only to show that the results of our theo- 
retical methods agree with experience in practice. No conclusions of value for 
the improvement of sawing may be inferred from this investigation. For this 
purpose it will be necessary first to investigate the case when the pre-stressing 
is performed within a circular ring-shaped domain. 

For comparison with the findings of experimental experiences in practice we 
will apply our theoretical computations to a special circular saw with the 
following dimensions: radius R=50 cm, collar radius Ry=10 cm, thickness 
h=0.325 em, modulus of elasticity H=2.1-10'* dynes/cm?*, Poisson’s ratio 
y=0.3, density w=7.8 g/cm*, coefficient of linear thermal expansion «=10~° 
and the angular velocity of the rotation w/22=15s '. The pre-stressing and 
the temperature at the periphery will be stated below. 


General theory 


The variation problem 


In our previous treatment of a circular plate at rest the buckling was com- 
puted by solving the differential equation for the buckling. In this paper we 
will take into consideration several circumstances which influence the problem 
at the same time. As the problem is now more complicated we must use a 
variational method. Such methods have previously been used in the treatment 
of transverse vibrations of circular plates by several authors (SropoLa 9, 10, 
Lamp and SourHweE.. 11, SourHweLt 8, cf TrmosHENKO 15). 

In using this method the deflection of the plate is assumed to be=w- cos pt, 
where ¢ is the time and p/22 the vibration frequency. We obtain p from the 
following equation, where we choose w so as to make p a minimum: 
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Here Decorate 5 denotes the flexural rigidity of the plate and N, and No 


are the forces per unit length acting in the middle plane of the plate. The 
three integrals above mean the kinetic energy of the vibration, the strain energy 
of bending of the plate and the potential energy of the forces acting in the 
middle plane. 

The boundary conditions that the function w must satisfy are the following: 
For r=R, the plate is clamped between the collars, and the conditions are 


ow 
w=0 and Hei (2) 


For r=R the edge is free and the bending moment and the equivalent shearing 
force vanish: 


Ow, (law 1ew 

alos o(- 4) S (3) 
ew 1@w law 3-r@w 2-y» Bw 

Be, ee ee teal = 
E ror por fo ed (4) 


For our following computations we assume that the vibration is characterized 
by m nodal diameters. We substitute 


w=W-cos m0 (5) 
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The centrifugal forces 


The forces N, and Ny» in the middle plane of the plate are composed of the 
forces from the rotation of the plate, from the pre-stressing and from the 
heating of the periphery. When computing all these forces we shall assume 
that the clamping at the center of the disk does not prevent small radial dis- 
placements there. Further we assume that there is no hole in the center of 
the disk. These assumptions are of importance for the values of N, and No 
only in the central parts of the plate, where the plate is clamped and a 
and W are small. Since in formula (6) N, and Ng are multiplied by these 
small quantities, our following computations are little influenced by these 
assumptions. 

The expressions for the centrifugal forces are then 


mite a 


N,= 3 hw (R? 17] (7) 
3+y 5: | vere ae | 
Noe= 3 huo E aie hah |; (8) 


The forces from the pre-stressing 


We describe the pre-stressing with the aid of the equivalent temperature 7, 
and assume that the pre-stressing is homogeneous from the center to the radius 
o, and get: 

T= for 7<@ 
(9) 
T=0 for o<r<R. 


Here &@ means the constant pre-stressing temperature. For the forces in the 
middle plane we obtain (see TrmosHENKO 16, p. 364) 


For r<o: Nem 258 1 | (10) 
N, aide [1 a (11) 
For o<r<hk: N,= sect e E &| (12) 
Ne=4 xane E + e| (13) 
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The forces from the heating of the periphery 


In the author’s earlier computation of the buckling of a non-rotating circular 
plate the results were applied to a circular saw with radius 20 cm for which 
measurements of the periphery temperature were carried out by SKOGLUND 17. 
It appeared that, with sufficient accuracy, the temperatures measured by SkoG- 
LUND might be approximated by a simple power function 


T=tt'r? (14) 


where 7’ is the temperature at the distance r from the center, t is the periphery 
temperature and t/=R-™. 

The computations in this paper must be carried out for a larger circular 
saw. As no measurements of the temperatures are available it will be necessary 
to estimate the temperature distribution for this saw with the aid of the theory 
given by Brcx 18. 

According to Breck the temperature 7’ in a circular disc that is heated along 
the periphery and air cooled along the sides of the body of the saw may be 
described with the aid of a modified Bessel function 


T =const: I, (-.]/ 23) (15) 


where A is the thermal conductivity and « here denotes the surface conductivity. 

In one of SkogLuND’s measurements (see LinpHoLM 4, Table 1) he obtained 
for r=20 cm 7=66° and for r=19 cm 7=33°. With these values and 
h=0.2 cm and A=0.07 cal/em-sec°C (cf Harrort 22) we obtain «=0.0037 
cal/cm?sec°C = 133 keal/m?h°C. 

Jicres 19 has experimentally investigated the dependence of the surface 
conductivity on the air velocity, and for large air velocities he has obtained 
the following connection 


a =6.12- 8 (16) 


where v is the air velocity in m/sec. If for the air velocity we use the velocity 
of the periphery of the saw: v=47 m/sec, we get «=123 keal/m*h°C. If we 
take into consideration that a small error in SKoGLUND’s temperature determina- 
tion has a large influence on « and that the value of the thermal conductivity 
is rather uncertain, we must be satisfied with the agreement between the two 
determinations of « and may consider it as a support for our computations. 

For the larger saw the velocity of the periphery has about the same value 
as for SkoGLuNp’s saw. Therefore, we may assume the surface conductivities 
to be equal and for the larger saw we can compute the ratio between the 
temperatures for r=50 cm and r=48 cm. This ratio is 3.1. 


Then we assume that the temperature may be described by help of the 
function 


T=tt'=7' (17) 
where ¢’=R*. By comparison with the ratio 3.1 we find that s = 27. 
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With this temperature function we compute the forces in the middle plane 
and obtain (« is here the coefficient of linear thermal expansion) 


Sa 
eee ora (18) 
Ehtt’ 
No= eee [R°-—(st+1)r°}. (19) 


The deflection W 


In the application of Ray.eicH’s method we substitute in (6) an assumed 
form for W and adjust this function so as to make the vibration frequency 
p/22 a minimum. During this adjustment the function W should satisfy the 
four boundary conditions (2), (3) and (4). 

Stopo.a 10 used the function W=r"— Rj. This function satisfies the boundary 


a crn, : 
condition W=0 for r=R, but not the condition om =0. In that connection 


this is of small importance as the turbine disks in Sropoua’s investigation 
have hyperbolic profile and are thus thick at the hub. From this follows that 
the deflection there is small, the power mn is high and the second boundary 
condition is approximately satisfied. — In our investigation of the vibrations 
of plates of uniform thickness both boundary conditions for r= R, are, however, 
of essential importance. 

In his investigation of the importance of the clamping StopoLa made use 
of the function W=a(r—R,)*?+b(r—R,)*, which may be brought to satisfy 
both boundary conditions for r= R,. But the computations are very complicated 
with this function and therefore SropoLa made use of it only for a non-rotating 
turbine disc. 

SOUTHWELL 8 carried out his computations only in a special case: m=0 and 
R,=0. He used the function 


We=r"-4n? (n—2)R** in 5 (20) 


which satisfies both boundary conditions for r=0 and one of the conditions 
for r=. The function is complicated. 

In using the Rayxercu-Ritz’s method it may be proved, however, that it 
is not necessary to prescribe the boundary conditions for a free edge, but, on 
the other hand, it is necessary to prescribe them along a clamped edge. It 
was pointed out already by Rirz 20 that the boundary conditions for the free 
‘edge are satisfied with better accuracy when the vibration frequency p/2z is 
approaching its limit. The simplest argument for this statement is perhaps that 
the boundary conditions for a plate may be derived from the strain energy 
integral (Kircunorr 5, 6, Lorp RayueicH 7). According to a more general 
proof given by SoKoLnikorFr 21 the function that shall minimize the potential 
energy must satisfy the boundary conditions on that portion of the surface 
where the displacements are prescribed. The portion of the surface on which 
the external forces are specified need not be taken into account in determining 
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the set of admissible functions. This means that along a clamped edge the 
v=o must be satisfied. The problem of finding a 
n 
convenient function for the deflection has been highly simplified as a result of 
these observations. a 
We have to choose a function satisfying the boundary conditions (2) and 


have chosen: 
¥ n i; a 
W=7 (in 4 


where » is the parameter to be determined. Below it will be shown by com- 
parison with some exact solutions to our problems that the accuracy obtained 
with the aid of this function is sufficient. Probably, equally good results may 
be obtained with the function 


conditions W=0 and 


(21) 


W=r" (r—R,)* (22) 
but the computations are a little lengthier with this function. 
Further, we are going to perform some computations for a plate without 
collars and choose then the function used by Stodola 


We=r" (23) 


which satisfies the boundary conditions (2) for r=0. 


Computation of the energy integrals for a plate clamped between collars 


_ For computation of the integrals we substitute (21) into (6). For the first 
integral that represents the kinetic energy we obtain 


K =p? “2. Ram? (RY (24) 
with 
Ry 
{K} = | (Ina)* 2?"*1da (25) 
a 
and with 
R 
yore Ls 
z Ry (26) 


The second integral means the strain energy of bending of the plate. For 
its computation we use y=0.3 and get 


D 
lt Ini RO" * {Vp} (27) 
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where 
Ry 
{V oy = [n* — 1.4 n? + 0.8 m? n? + 1.4 0? —4.2 m2 n4 1.4m? + m']- fin ye dat 
rg ; 
+ [8 n? — 8.4 n? + 3.2 m? n+ 5.6 n— 8.4 m?]- | (In 2)? 2?" 3 dat 
Ry ; 
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Ry : Ry 
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1 i 


The third integral is composed of contributions from the centrifugal forces, 
the pre-stressing and the heating of the periphery. The potential energy of the 
centrifugal forces is 
Say 


Vo 16 


hwo? R3"*? {V3 (29) 


where 


Ry Ry 
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The potential energy of the forces from the pre-stressing is 


_& Lhd ones: 


Vo mi (tye {Vo} (31) 
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and with 
(33) 


The potential energy of the forces from the heating of the periphery is 


akht 
= . R22. S77 
Vt 2 (+2) Ro" 4b ty (34) 
with 
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Computation of the energy integrals for a plate without collars 


For a solid plate without collars we substitute (23) into (6) and obtain 


7 a Mh Re"*2 
STEP SOR Pen: (36) 
D R" 2 
Vo= Faq ag [nm —2 (1-9) (a= 1) (n? +m? — 2m m*)] (37) 
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The first tw i 
SGDAE Fé 10. 0 expressions (36) and (37) have already been computed by 
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Computation of the vibration frequency for two nodal diameters 


The vibrations of a non-rating plate without initial stresses, clamped at its 
center between two collars 


This case has been investigated by SourHwett 8. He solved the differential 
equation for the vibration exactly with the aid of Bessel functions for several 
clamping diameters. By interpolation from Table I in his paper we may obtain 
the following value for the frequency for R/ Ryo=5 


2 Eh? 
Oo Re 


3.73. (41) 


Treating the problem with the variational method we put K=Vp. We take 
m=2 and compute p* for some values of the parameter n (n=0, 0.5, 1, 1.5, 
2). The minimum of p? is obtained for n=0.7 and we get 


,_ Eh 
p uw Rt 


- 3.80. (42) 


The agreement between our approximate and SoUTHWELL’s exact computation 
must be considered satisfactory. This proves that the function (21) is a good 
approximation to the exact solution for W. 

A considerable simplification of our computations would have been obtained 
if we instead had studied a plate without collars using the simpler function 
(23) for W. The result of such a computation is (in agreement with SropoLa 
and KIRCHHOFF) 

at 
Y n Rt 2.66. (43) 
It appears from this that the collars have a great influence on the vibration 
frequency (cf SouTHWELL 8). In a quantitative investigation of the stability of 
a circular saw one is therefore not allowed to neglect the influence of the collars. 


The vibrations of a rotating membrane clamped at its center 


In this case SourHWELL has solved the differential equation for the vibration 
with the aid of hypergeometric series and has been able to show that the 
vibration frequency is independent of the radius of the clamping circle and is 
computed with the following formula 


p? =? + 2.35. (44) 


In our treatment of the problem with the variational method we put K= V4. 
The minimum is obtained for n=0.7 and we find for R/R,=5: 


p =a * 2.36. (45) 
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The agreement is good. It has, however, with this method not been possible 
to prove that the vibration frequency is independent of the radius of the 
collars. 


The vibrations of a rotating pre-stressed plate that is clamped at its center 
and heated along its periphery 
We obtain the frequency from the equation K=Vp+V.+Vo+ Vi and find 


; ER? {Vo}, 9 3+ {Vad _ a Ed {V5} 


a 32 
P120—v) phi (Ky 8 {Kp 2p BRK} 


aht {Vi} 
+ . . 
(s+2)uRo {Ky 


(46) 


We begin by computing the values of the last two terms for some values of 
n. It appears that for the n-values of interest they are almost linear functions 
of » and that the change in their value in going from n=0.5 to n=1 is 
comparatively small. For that reason n will in the main be determined by the 
first two terms and for the saw under consideration it has appeared that p? 
is obtained with sufficient accuracy if n is determined entirely by the first two 
terms. As the first two terms both have minima for n=0.7 when R/R,=5, 
we should use this n-value in (46). After computation of the integrals there 
we obtain 

sue Lee ahd aft 


en FS 2, ss 
ptm pi 8:80 + 08 2.86-+- ag «0.94 — 5 


OT (47) 


This expression is valid only for R/R,=5, 0/R)=4.5 and s=27 provided that 
the plate has such dimensions that the m-value is determined by the first 
two terms. 


Determination of the critical periphery temperature for a saw 
without initial stresses 


We shall use the formula above to investigate the stability of a saw without 
initial stresses. First we assume that its periphery is not heated. We take 
9=t=O0 and substitute further H=2.1- 10, h=0.325, w=7.8, R=50 and w = 94.2. 
We obtain p?=17300+21000=38300. We observe that the frequency is de- 
termined by the stiffness and the centrifugal forces to about the same extent. 
The frequency is 31.2. 

If now the periphery of this saw is heated during cutting the vibration 
frequency will diminish. When it has decreased to 30, i.e. to twice the angular 
velocity of the rotation, a backward moving travelling wave will develope. 
This is stationary or almost stationary in space and therefore the saw cut will 


be shaped like a sinus-curve. The critical periphery temperature is obtained 
from the following equation 
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akt 


4 2° - 900 = 17 300 +21 000 — pa 0-37 (48) 


and amounts in this case to 7° above the room temperature. Owing to this 
small value it is impossible to use this saw without pre-stressing. This result 
agrees with experience in practice with saws of this dimension. 


Determination of the critical periphery temperature for a pre-stressed saw 


We assume that the equivalent pre-stressing temperature amounts to half the 
critical buckling temperature. The reason for this assumption is given in the 
last part of this paper. The critical buckling temperature is obtained from our 
previous exact computation (Tab. 2, LiypHotm 4) and we obtain @ from 


«9(1—0*) RB? 4.01 
I he ro 


“ 


(49) 


When the periphery is not heated, we get the vibration frequency from the 
equation p?=17 300 + 21000 + 9400=47 700. We observe that the influence 
of the pre-stressing on the frequency is comparatively small. The frequency 

is 34.8. 

. When the periphery of this saw is heated during cutting the periphery 
temperature may rise to about 31° above the room temperature before the 
travelling wave developes. 

No reliable measurements of the periphery temperature of a saw have been 
carried out with. which this value may be compared. SkoGLuNpD 17 has made 
some measurements with a small saw and very low feed speed, i.e. a low 
periphery temperature. If these measurements are extrapolated, they show that 
our computed critical periphery temperature is of correct size. 


The dependence of the critical periphery temperature on the angular velocity 


If the angular velocity of a saw is raised, the critical periphery temperature 
will be lower and the intensity of the pre-stressing must be made higher. If 
in the case under consideration we increase the angular velocity of the saw to 
say 17, we obtain, when the periphery is not heated, p? = 17 300 + 26 900 + 9 400 = 
=53600 from which the vibration frequency is computed to 36.9. The difference 
between this value and the critical value 34 is small and therefore the critical 
periphery temperature will be only 20° above the room temperature. It follows 
that the intensity of the pre-stressing must be higher for this saw as has been 
found in practice. 


The accuracy of our computations 


It appears from our results that the accuracy with which our computations 
have been carried out is necessary. If we had neglected the influence of the 
collars the computations would have been considerably simplified. But as the 
stability of the saw is determined by the difference between the vibration fre- 
quency and the angular velocity of the rotation the reliability of our results 
would then have been too small. 
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Determination of the vibration frequencies for other modes 


After ascertaining that the instability of a circular saw with high periphery 
temperature and high speed may be explained by vibrations with two nodal 
diameters, it is of course necessary to investigate the possibilities of resonance 
phenomena in modes having another number of nodal diameters. 


Vibrations with one nodal diameter: m=1 


When computing the frequency for m=1 it appears that the first term, 
which corresponds to the vibration of a non-rotating plate, has a deep minimum 
for n—0.25. The second term which gives the frequency for a rotating membrane 


has a shallow minimum for n= —0.4. The n-value will therefore be determined 
entirely by the first term and we get 
Eh’ ald at 
Clee 9 | 2 95— =). = 0.04. 
p Ri .00 + @*- 1.25 ue 0.08 R 0.04 (50) 


The first term agrees with the expression that may be obtained by interpolation 
from SOUTHWELL’s results. For the second term SouTHWELL has obtained w?- 1.00. 
The cause of the difference must. be that the shape of the plate is determined 
by the flexural rigidity in our computations and this shape does not agree with 
the shape of a rotating vibrating membrane. 

Comparing (47) and (50) we observe immediately that the last two terms are 
very small. The frequency in the mode with one nodal diameter is therefore 
practically independent of pre-stressing and heating of the periphery for the saw 
under consideration. 

If the pre-stressing has the same value as above and if t=31°, we obtain 
for the saw under consideration p?=9100+11100—800+1340 and for the 
frequency 22.9. The difference between this value and the critical value 15 is 
very great and therefore there is no risk of resonance phenomena occurring in 
this mode. 


The symmetrical mode: m=0 


For the symmetrical mode, too, » is determined by the first term and we 
obtain with n=0.25 


Eh ak? akt 
2 eee DIR) Seiya ee . 
p wR 2.50 + w*- 0.85 uk SES BS 5 


0.14, (51) 


The first term agrees with SoUTHWELL’s results, but it is impossible to compare 
the second term with SourTHWELL’s results, for he has only estimated the vibra- 
tion frequency for a rotating plate without collars. 

If in (51) we let & vary between 0° and the whole critical buckling tempera- 
ture and if ¢ is assumed to vary between 0° and 31°, we obtain for the saw 
in question vibration frequencies varying between 16.3 and 24.5, As the critical 
value for this mode is 0, there is no risk of resonance. 
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Vibrations with three nodal diameters: m =3 


In this mode the influence of the collars vill be negligible, because the 
deflection in the central parts of the plate must be small for this high m-value. 
This is evident from SourHWELw’s tables, too. Therefore we compute the vibra- 
tion frequency for a plate without collars and obtain with n=2.2 


Eh? ahd akt 
a -14.3 + w+ 4,14 + ——— - 9.90 — 
p nk w see Te 90 uR 


14, (52) 


If # amounts to half the critical buckling temperature and the periphery is 
not heated, the frequency is 57.6, and for the periphery temperature 31° the 
frequency is 48.5. This is higher than the critical value 45 and therefore no 
resonance is obtained in the mode m=3 before it has already appeared in the 
mode m=2. 

For higher m-values the frequencies are very high owing to the stiffness of 
the plate and there is no risk of resonance. 


The bending of a circular plate, pre-stressed in the center 
and supported at two points of the periphery 


There was in the introduction a description of how, when pre-stressing a 
circular saw, one is able to measure the intensity of the pre-stressing by sup- 
porting the saw at two diametrically opposite points of the periphery. We are 
now going to discuss how the equivalent pre-stressing temperature ? may be 
obtained from the deflection of the plate. 

This method of measuring the internal stresses in the plate is the necessary 
condition for obtaining agreement between the theoretical and experimental 
results. CAMPBELL 13 has experimentally determined the vibration frequencies 
of some non-rotating circular plates. The agreement between his experimental 
results and KrrouHorr’s theory was bad owing to internal stresses in the plates, 
which it was impossible for him to determine. 


Nadai’s results for a plate without internal stresses 


For a uniformly loaded circular plate supported at two diametrically opposite 
points of the periphery Napat 1, 2 has given the differential equation and solved 
it by means of a series. As the boundary is free except at the points of support 
where concentrated forces are acting, the boundary conditions are: 

At the points of support for r=R and 0=0 or=a we have w=0. 
Along the periphery for r=R we have M,=0 and 


y=-t2]i+2. 3 cos m0 (53) 


m=2, 4,6... 
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where q is the intensity of the uniform load and V the equivalent shearing 
force. Napat’s solution is w=wy+w, where 


qR? [ (5+) R2-2 (3+) 9° r,| 54 
ere | 1+» TR be 
and 
oe qQ Rt < aL a) 
. 2(3 +) D m=2,4.6...Lm(m—1) (1—v)(m—1)m? 


72 


 Rm(m+1 


| a cos m 6+ const. (55) 


wy means the deflection of a plate simply supported along the periphery. 


The pre-stressed plate 


In our approximate computation of the deflection of the pre-stressed plate 
w roust be chosen so as to make the potential energy a minimum. The expres- 
sion for the potential energy is (see for instance TIMOSHENKO 3 p. 95 and 312) 
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N, and No are the forces in the middle plane caused by the pre-stressing and 
q the uniform load (the weight of the plate). 

The function w must satisfy only the following boundary condition: In the 
points of support we must have w=0. The other two boundary conditions 


need not be taken into consideration when choosing the function w (cf SoKOL- 
NIKOFF l. ¢.) 


We take now 


w=> Wm cos m 0 (57) 
0 


and compute the minimum of the potential energy for each m-value separately. 
It appears that for odd m-values Wm=0. 
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Symmetrical deflection 


For m=0 we choose the function 


Wy=c: o2(n) (58) 


where 6 and ¢ are the parameters to be determined, and obtain for the poten- 
tial energy 


Dbho b° 2h a be 
3 [r-e*| by+ i} + FE |¢ 1] + Race = 
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4 R? 


Kquating to zero the derivative of this expression with respect to c, we obtain 
an equation giving c as a function of b 


Hf Ceth-o ol 


EE poe took: 


If this expression for c is substituted in (59), we may compute the potential 
energy for some 6-values and obtain its minimum. 
First we investigate a plate without initial stresses for comparison with 
ps 


Napar’s exact results. The minimum is obtained for b=1.1 giving o=s - 0.152 


qRt 
D 
good and shows that the chosen funtion (58) is a good approximation to the 
exact deflection. A small change of 6 to for instance 1.2 has no appreciable 
influence on the good result. 

Then we investigate a pre-stressed plate with no lateral load to obtain a 
comparison with the author’s earlier computation of the buckling of a circular 
plate (LinpHotm 4). We take g=0 and obtain the buckling condition by equating 
to zero the potential energy (59) and by computing the b-value that makes ? 
ao (1—y) R? 

1? 
computation of the buckling temperature (LrinpHOLM 4) gives for the constant 
the value 4.01. The agreement is rather good and forms a support for our 
choice of the function (58). — The advantages of this normal probability func- 
tion are much more pronounced for smaller values of e@/R. When in these cases 
the plate buckles, the deflection takes place in the main near the center, and 
the normal probability function is then a better approximation to the true 
deflection than any other simple function. 


and the deflection = 0.0641. The agreement with Napai’s value 0.0636 is 


a minimum. We obtain b=1.3 and = 4,23. Our previous exact 
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In the general case we take 9/R=0.9 and b=1.2 and obtain 


o(1—»*) Re 


C= 122 [fo 800 = ae 0.200}. (61) 


qR' 
D 
If we here take ®=the critical buckling temperature, c will be infinite. If 


q R* 
we take @=half the critical buckling temperature, we obtain eG 0.287. 
The deflection for m=2 and m=4 
For these and higher m-values we choose 
Wm=c-r" (62) 


where c and n are the parameters. With the notations (37) and (39) the poten- 
tial energy then becomes 


e[Vo+VeltcqR”*. (63) 


An approximate value of m may be obtained using the deep minimum of Vp. 
With this n-value we obtain c by taking the derivative of the potential energy 
with respect to c 


aia 


had (Lee) 0 2 0 2n-2 s&s m+ n? 
AG Leet] oo 


If we here take #=0 we obtain the result for a plate without initial stresses 
and may compare this with Napat’s values for the deflection. For m=2 and 
m=4 the difference is only 2%, which shows that the chosen function (62) is 
satisfactory. 


For a plate pre-stressed to half the critical buckling temperature we take 
— y2) R2 3 
Sos 20-9, eta end oe ae ee ey 


Row 
ces . 1) {or —mey- 2(1—v) (n—1) (n? + m?—2 nm?) + 


The expression for #@ is 


I 20.200 
obtained from (61). With these values we obtain c= a o 0.105. 
For m=4 we obtain similarly n=3.3 and c= as - 0.012. 


The resulting deflection of the pre-stressed plate 
By adding a constant to the sum of the expressions for the deflection, our 


solution will satisfy the boundary condition w=0 at the points of support, and 
we obtain 
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3.3 


aR 
D 


“Ss Ge 1.8 F 
w= | o.287-¢ °*R® — 0.105 5) cos 2 0 —0.012 (x) cos 400.041 |, (65) 


4. 
For r=0 we obtain w= 4 9.246, 
q Rt 
For r/R=1 and 0=2/2 we obtain w=" 0.210. 


If we place a straight-edge across the plate along the diameter 0=2/ 2, the 
clearance between the straight-edge and the center of the plate will be 

R : A : 
7+ 0.036. As the uniform load is the weight of the plate, we take q=981 hu 
and obtain for the saw under consideration the value 0.085 cm for @ = half 
the critical buckling temperature. 

Similarly, we obtain the deflection of a plate pre-stressed to 3/4 of the 
buckling temperature. 


4. 
For r=0 we obtain w= 1% 0.357. 


4 
For 7/R=1 and 0=2/2 we obtain w= 0.174. 


; 4 
The clearance at the center will be 1 9.183 = 0.43 cm. 


In practice, the pre-stressing of circular saws of this size is carried out in 
such a way that the clearance at the center is a little more than 0.1 em. That 
means that these saws are pre-stressed to a little more than half the buckling 
temperature. 


SUMMARY 


1. The transverse vibrations of a circular plate are investigated with varia- 
tional methods. The plate is rotating, has a free boundary, is clamped at the 
center along a circular boundary and has a symmetrical temperature distribution. 
This temperature distribution consists of a heating of the periphery and a 
homogeneous heating of the central parts of the plate corresponding to initial 
compression stresses there. Vibrations with different numbers of nodal diameters 
are investigated. 

2. The boundary conditions that must be satisfied when treating a plate 
with a free boundary by the variational method are discussed. This discussion 
facilitates the choice of functions for solving the problem. 

3. Further, the investigation includes the resonance phenomena that appear 
when the travelling transverse wave has the same velocity as the rotation of 
the plate. The dependence of the resonance frequencies on the number of nodal 
diameters, the angular velocity and the temperature distribution are computed. 

4, Finally, the bending of a homogeneously loaded circular plate is investi- 
gated. The plate is supported in two diametrically opposite points of the 
periphery and its central parts are homogeneously heated. This computation 
makes possible a quantitative measurement of the initial stresses in the plate. 

5. The results are applied to the stability of a circular saw cutting wood. 

May 1950, Physics Department, The University, Stockholm. 
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Communicated 4 June 1952 by Oskar Kurrn and Ivar WALLER 


On the slowing down of neutrons in heavy water 


By Gunnar HOoLre 


With 1 figure in the text 


In this paper a calculation is made of the stationary space energy distribution of 
slow neutrons in an infinite medium of heavy water, containing a point source of 
fast neutrons. 

In two previous papers’ a general method of dealing with such problems has been 
given and detailed calculations have been performed for mediums of carbon, deuterium 
and water. The method developed there is based on the transport equation, and for 
the single scattering process we have made the following additional assumptions, 
ordinarily used in these problems. Inelastic scattering is neglected; the elastic scatter- 
ing is assumed to be isotropic in the centre-of-mass system of the neutron and the 
atom; the atoms of the medium are supposed to be at rest before a collision with 
a neutron occurs and their binding to other atoms is neglected. Further absorption 
is neglected, although it can be taken into account in simple cases, if necessary. 
The medium is supposed to be homogeneous and infinite. Problems where the medium 
is assumed to be inhomogeneous or finite will be treated in a forthcoming paper. 
With exception for the approximation which these assumptions may involve, no 
further approximations are made for the calculation of the slow neutron density. 
This is in contrast to the simplified treatment of the problem given by the ordinarily 
used age-theory. This theory, supposed to be valid for small distances 7 from the 
source and for slowly variable mean free path A(£) of the neutrons in the medium 
(£=neutron energy), can therefore be checked in detail. This is of importance for 
calculations concerning reactors, for example. Further we obtain complete informa- 
tion of the neutron density at intermediate distances outside the range of age-theory 
which is of interest for questions of shielding and related problems. 

For the application of our general method of calculation to heavy water it must 
be noticed that the assumption of isotropy in the centre-of-mass system for the 
neutron-deuteron scattering is not strictly justified. 1t is well-known that marked 
deviations from pure S-scattering occur for neutron energies of the order 1 Mev, 
already. This is born out by experimental as well as theoretical work on this subject 
in a large number of papers.” It appears that the differential cross-section takes 
on its largest values for forward and backscattering while there is a minimum roughly 
for a scattering angle of 90° in the centre-of-mass system. For problems of slowing 


1 Hote, Ark. Fys. 2, 523, 1950, and Ark. Fys. 3, 209, 1951. These papers are referred to as I 


and II, respectively. 
2 Cf. e.g. BuckincHAM, Huspsparp and Massry, Proc. Roy. Soe. 217 A, 183, 1952. Further 


references may be found there. 
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down it is important to know at what energy this anisotropy first sets in. An answer 
to this question has been given recently by Watt et al.’ These authors report measure- 
ments at neutron energies from 0.22 to 2.5 Mev and find the scattering essentially 
isotropic at the lower limit. Now the slowing down from an initial energy of say 
1 Mev to 1 ev requires at about 25-30 collisions in heavy water but according to this 
measurement the first three or four collisions only occur in the anisotropic range. 
Therefore it is reasonable to expect that the values we obtain for the collision 
density F,(r, £2) by our general method, assuming isotropy for all collisions, will be 
fairly near the true value. It is not easy to take the anisotropy strictly into account 
from the start in a general treatment of the problem (because the anisotropy is 
energy dependent; otherwise it is simple). However, it is possible to calculate approxi- 
mately the corrections on account of the anisotropy to the values of F'9(r, E) obtained 
in neglecting this effect. In this way we expect to get values very close to the true 
value of F,(r, Z) except for large r, where F'o(r, £) is very small. But then, of course, 
we must not allow too large values of the energy H, of the neutron source for the 
correction to be significant. We have restricted us to consider values of H, roughly up 
to 1.5 Mev. This covers the most important part of the energy distribution curve of 
prompt neutrons resulting from the thermal neutron fission of | Piceagts 

Measurements of the cross sections® of deuterium, oxygen, as well as of heavy water 
directly show that the total mean free path A(Z) varies only very little with # in 
the energy interval 0-1.5 Mev. In fact, up to 1 Mev A(#)=constant is a very good 
approximation with exception for the resonance in the oxygen cross section at 0.44 
Mey. Using for A (Z) the mean value / given by age-theory (cf. I (49)) this approxima- 
tion can be taken even for energies up to 1.5 Mev where the value of 4 (#2) is only at 
about 1/3 larger than for zero energy. Thus we adopt here the treatment of the problem 
given in I, assuming constant mean free path 4. For Z, near 1.5 Mev this assumption 
will restrict the validity of our calculation to values of r not too large. However, this 
restriction is put anyhow by the occurrence of anisotropic scattering. Therefore it 
does not seem to be worth while making the refined treatment of the problem which 
is developed in II, taking the slight energy dependence into account exactly at the 
expense of more numerical work. 

Following I we now proceed to the numerical calculations, thus disregarding 
at first the anisotropy of the first few collisions. We use the same notations as in 


I and knowledge of this paper will be assumed. All constants occurring in I which — 


have to be calculated derive from certain functions c,, (7) and their derivatives for 
74 =1. These functions are given by I (5) for a medium containing atoms of one kind 
only. For a mixture we have to take for c, (7) a sum of expressions of the form I (5) 
for the different values of M occurring, multiplying each term in the sum with a 
weight factor.* This factor is A/A,,, assumed to be constant, where 4 is the total mean 
free path and A, is the mean free path for scattering by atoms of the kind k. From 
the measurements mentioned above we may take for heavy water 2/Ap = 0.65, 
which is a good approximation even up to 1.5 Mev. Thus we take for c,, (y) the formula 


Cn (y) = 0.65 end (9) + 0.35 Cro (77). 


The constants deriving from cpp (7) were calculated already in preparing Tables 1 


we WVALT, OKAZAKI and Apartr, Bull. Amer. Phys. Soc. 27, no. 3, 62, 1952. 
3 “Nuclear data for low-power reactors”, Nucleonics 8, no. 1, 78, 1951. 
Apatr, Rev. Mod. Phys. 22, 249, 1950. 


“ Water, Ark. mat. astr. fys. 34 A, no. 5, 1946. 


244 


ARKIV FOR FYSIK. Bd 6 nr 24 


and 2 in I which refer to pure deuterium. The functions ¢no(y) for oxygen are very 
easily handled as they give a rather small contribution to the sum above, in particular 
for n> 0 or when we calculate the derivatives. The constants h',, I (12), deriving from 
the function h,,(7) =1—c,,(7) and its derivatives at 7=1 are computed. The method 
given in I, sect. 3, for determination of the fundamental functions B(0) and A (0) 
for heavy water is then applied. These functions are given by developments around 
the points 0 = 0, I (11) and (14), 6=6, =1, I (26), (27) and (28), and 0 =oo, I (29) and 
(30). The complete knowledge of these functions for all real positive values of 9 makes 
it possible to evaluate the fundamental integral I (17) for the neutron density for 
all values of r, if either x = log (E/E) or r is large. It may be stressed that for calcula- 
tion of the slow neutron density (~~ 10-15) in the practical range (say 7 <80 cm) 
only the values of C and £,, I (11) anda,, I (14) roughly up to f, and «, are needed. 
These coefficients are rapidly obtained. All the other coefficients given below in 
Table 1, which have required the main part of the numerical work, will have less 
practical use. They will be needed if one wishes to calculate the density of other 
neutrons than “‘slow’’ (say «< 10 but not too small) at intermediate distances in 
the practical range, or for obtaining the neutron density at increasing distances up to 
and including the range of the asymptotic formula. More figures in the constants in 
Table 1 have been given than would be strictly allowed, for we have treated the 
constant A/Ap = 0.65 as an exact number. This is necessary for mathematical reasons. 
The following values are obtained: h,; = 0.76835, ho = 0.51404, C = 1.0885 and 


Table 1 
n | Bn hn kn an ln mn 
0 (40) 0.7497 (1) (1) 0.511 (0) 
1 0.51218 — 0.1699 0.367 — 0.9063 0.254 1.08 
2 — 0.32105 0.0540 — 0.16 0.7078 — 0.126 = 
3 0.18102 0.0179 0.1 — 0.4497 0.060 
4 — 0.08513 0.0059 0.2224 — 0.029 
5 0.03085 — 0.0020 — 0.0789 0.015 
6 — 0.00699 0.0156 
7 — 0.000051 0.00015 
8 0.000554 0.00107 
9 0.000152 — 0.00306 
10 — 0.000402 0.00221 
Il 0.000229 — 0.00033 
12 — 0.000010 
13 — 0.000078 
14 0.000056 
15 — 0.000009 
16 — 0.000016 


In this table the last figure of the values of &,,, m,, and also of the four highest h,, and 
|, has to be regarded as uncertain since it has been obtained by estimation of the rest 
term of the series used in performing the analytic continuation. From the values 
of the coefficients it appears that the three series developments of B(6) and A(Q), 
respectively, around 0 = 0, 0 = 1 and 6 =oo very well cover all @-values from 0 to co. 
The integral I (17) is evaluated by the saddle-point method, deforming the path 
of integration to pass through the saddle-point 6, which is always real and > 0. 
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§, depends on the variables r and a only in the combination R/2, where R =r/h. 
For the determination of 9, it is not necessary to use the exact function B(4). It is 
quite sufficient to take a good approximation B,(@) of B(6) of simple form. In this 
way we can obtain analytic expressions for the function 6, = 0,(R/x). For small 
R/x and 0, this is provided by I (37), taking B,(0) as the first two terms in I (11). For 
larger 0 I (32) was found to be very useful for B,(@), from which follows for larger 
Rix I (38) for 0,. The constants a, b, and c in I (32), as well as the constants c, d 
and e in the analogous approximate expression A,(0) for A (0) are given in Table 2. 
The first two columns of the table quote the intervals in 9 (0,) and the corresponding 
intervals in R/x within which the different values of the constants are valid, 


Table 2 
Bi) anh (bne sb psa hi Toda gees, on bd fe ee eee See eee 
| | 

| Os Rix a b c | d € f 
| ae me 0.9925 | 0.3496 | 0.4394 | -0.016 | 1.085 1.060 
| Me a 1 0.3690 0.474 0 1.045 1.05 
| . aS 1 0.367 044 | 0 1.08 Ll 

co co | 


The approximations thus obtained give a maximum error at any point of about 
10-* for B(6) and 10° for A(6). 

For the calculation of the neutron density I (40) is the main formula. An idea of 
the accuracy of the values it gives can be obtained by studying the successive zeroth, 
second and fourth approximations contained in the formula. For slow neutrons it 
was found that the simple second and the more involved fourth approximation he 
very close to each other and the error of the second approximation can be estimated 
to less than 0.5%, in general (the fourth approximation is of course even more 
exact). For very small r (0-5 cm) the conditions are not quite as good as that, but 
then a check of the fourth approximation with numerical integration of I (17) gives 
an excellent agreement. WALLER l.c., after his derivation of the basic formulas I 
(1) and (2) was also the first to evaluate I (1) to an explicit formula for Fy(r, 2) 
which is valid essentially beyond the range of age-theory. A comparison with our 
values shows a remarkably good accuracy of this rather simple formula (WALLER, 
lc. formula (39), putting his constants A = 6, = 0.512, B= —a«, =0.906). It gives 
roughly 2% too low values for r =0, but for increasing values of r roughly up to 
50 cm it is in error only with about 0.5 %. However, the main interest and purpose 
with this paper lies in the comparison of age-theory with our exact calculation. 
This theory is found to give appreciable errors even for small r. This will appear — 
in detail from tables at the end of this paper. 

Before reproducing any values of Fy(r, Z) obtained according to I we proceed to 
the problem of taking the anisotropic scattering into account. To start with we 
write down two well-known equations. If ¢ is the scattering angle of the neutron in 
the laboratory system, when incident with energy H’ and scattered with energy Z 
after the collision with a nucleus, we have 


AY 2 See 


(1) cos ¢ = 
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with «= (M = 1)/(M +1) (/=nucleus mass in units of the neutron mass). The 
corresponding relation for the scattering angle y in the centre-of-mass system of the 
neutron and the nucleus is 


iE 2 
2a loo 


2 aii 
(2) cos p Wyre 


(1) and (2), which are valid for elastic collisions, are simple consequences of the 
laws of conservation of momentum and energy. 

Now we introduce the function »(H’, #) which is defined by expressing that 
v(H", £) dE is the probability for a neutron of initial energy E’ to get in a collision 
a final energy between # and #+dH (dH>0) (cf. Water l.c.). This function 
which according to (2) is zero except for H’> H>«EH’ may be determined in the 
following way. We denote by 


1 j 
(3) Pes (Z’, yp) d Qe 


the probability that a neutron with initial energy H’ will after the collision move in 
a solid angle d Q, in a direction specified by the unit vector e in the centre-of-mass 
_ system, forming the angle » with the direction of the incident neutron. Thus the 
probability for this neutron to be scattered in the collision through angles between 
gy and y+d¢q is 


(4) 4 u(E’, p) | d(cos ¢)]. 
From (3) and (4) we must have on integrating over all directions e 
+a 
1 / 8 ’ c 
(5) Fe [nd a= 5 [ uB. gd (oos)=1 


Sil 
for all values of #’. But from (1) we get for a fixed value of E’ 


dE 
(6) d (cos g) = sire 


which gives the final expression for »(H’, £) 
(7) v (E’, E) = 


For ¢ we have to substitute (2) in this expression. Multiplication of (7) with d# and 
integration from E’o? to E’ gives the result 1. WALLER l.c. has given a quite similar 
expression for »(H’, HZ), using instead the scattering probability in the laboratory 
system. It should be mentioned that our equation (7) could be obtained directly from 
WALLER’s equations (9) and (1) if they are used for the angle ¢ instead of ¢. For the 
practical applications it seems best to have the expression (7) because the scattering 
probabilities are ordinarily given in the centre-of-mass system. 
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So far, an exact solution of the transport equation has been possible only by means 
of a Laplace transformation in x = log (H,/H). The reason for its usefulness is that 
when isotropy is assumed, i.e. (H’, p) = constant = 1 the equation is of convolution 
type. Unfortunately this does not hold for a general form of “(Z’, y) and then the 
problem seems to be very difficult to solve exactly. However, it ought to be pointed 
out that the same exact treatment is possible also if « is of the form 


U(E’, ~) =“(9); 


e.g. if we have anisotropy, but of exactly the same form for all energies. For according 
to (1) the kernels of the integrals in the equations resulting from developing the 
transport equation in spherical harmonics (cf. e.g. WALLER l.c. eq. (19), (21) and 24)) 
are then still functions of Z/E’ only and thus the Laplace transformation is as 
useful as for (~) =1. This simple case of anisotropy is obtained in our general 
treatment in I merely by changing the form of the functions c,,(7). The integral de- 
fining c,,(7) now will contain a factor u(q) in the integrand, written as a function 
of cos ¢, for example, if the form I (5) is used for c,,(7). However, this case seems to 
be of little practical interest, although the procedure may be applied for estimating 
roughly the effect of the anisotropy in actual cases. 

Thus we have to resort to an approximate treatment of the problem, and for heavy 
water we chose another obvious possibility of getting the anisotropy corrections 
but which involves no approximation of the function jy (Z’, ~) as in the case discussed 
above. Instead we study the age-approximation of the neutron density. At first we 
write down the usual age-theory value for /’,(r, £), assuming isotropy throughout. 
Then we calculate the corresponding age-theory value for F,(r, #) with the anisotropy 
taken into account. A comparison of these two values provides us with a value of 
the anisotropy correction. This value will undoubtedly be near the true value of 
the correction except for large r, i.e. as long as age-theory gives the right order of 
magnitude for the neutron density. The correction is then applied to the value of 
F,(r, £) calculated by I (40), and in this way we may expect to get very near the 
real value of the neutron density in the range of practical interest. 

In the age-approximation, Fy is governed by the well-known age-diffusion equation. 
This contains as characteristic quantities the mean free path A=A (x), the mean 
logarithmic energy loss in one collision (x) and the mean value of cos ¢ in one colli- 


sion B(x) = cos p(x). These functions can all be put together in one quantity t =t(a), 
the age of the neutrons 
vc 


Ke A? (x’) da’ 
(8) ya, - | 5 (a’) [1—B(2’)] 


The functions &(x') and f(a’) are mean values for all collisions with initial energy 
H’=K,e* and are obtained by using (7) and integrating over the final energy 
E=H,e* from Ea to E’. Taking @ and 2’ as variables and then substituting 
u=x —x' instead of x in the integrals and also in (1) and (2) we obtain 


| E(z')= (be (Z’, pe “udu 
(9) 


B (a’) = | w(E', p) cos pe“ du 
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with a = —log a’. For w(£’, p) =u (¢), €(x’) and f(z’) are both constant. This holds 
in particular in the isotropic case u(y) =1, where &(2’) =hg = 1 —ao?/(1 — a2) and 
B(x’) = 2/3M (h, =1—£(a’) in our earlier notation in I). Eq. (8) is also valid for a 
medium containing several kinds of atoms if we take for €(x’) and B(x’) a sum of 
integrals of the form (9), one for each kind of atom and multiplied with the usual 
weight factor //A,. 

Taking the age t =t(z) (8) as the energy variable, we have for a point source in 
an infinite medium the following well-known solution of the age-diffusion equation 


2 


K cal 
(10) Fy(r, E)= Ena” 4 
This function satisfies the diffusion equation all outside the source, and assuming 
that the source emits @ neutrons of energy H, per unit time we can also determine 
the constant K. Then in the isotropic case we know that K has the value Q/ho = Q/E. 
Now in integrating (10) over all space we obtain the age-theory value of the energy 
distribution function F')(#) = K/E. But in the isotropic case it is well-known that 
an exact calculation gives F,(H) =Q/Eho for slow neutrons. Thus in this case age- 
theory gives the correct value of F,(#) for slow neutrons, which is a fact of basic 
importance for the usefulness of age-theory. Then in the anisotropic case we must 
determine the constant K so that we obtain again the correct value of F,(£) for slow 
neutrons from (10), or else we cannot claim to get the anisotropy correction consist- 
ently. Now a calculation of F)(#) shows that the exact value of this function 
for slow neutrons is still F,(#) =Q/Eho, even when we have anisotropy in the first 
few collisions. This is true for an arbitrary form of anisotropy at the higher energies 
if only the range of isotropy at the lower energies is sufficiently large. The proof 
of this general theorem on the réle of anisotropic scattering is given in the appendix. 
Thus in (10) we have K =Q/ho in both cases, and we need only the value of 7, 
calculated with the anisotropy taken into account; in the isotropic case we have 
zx 
immediately r= 7 { 2? (a') da’. Then we have to compute the integrals (9) for deu- 
terium, putting M =2,«=1/3. This calculation can only be prelimimary because of 
the incomplete knowledge of the function  (H#’,y). Weassume the simplest possible form 
for w in accordance with the main features of the various experimental and theoretical 
results on the neutron-deuteron differential scattering cross section (cf. WALT et al. 
le., also BuckrneHam ef al. l.c., and further references there). We assume an 
angular dependence symmetrical around p = 90°, taking the same maximum forward- 
and backscattering and minimum scattering for g = 90°. 


2 
0 


d E’) cos? 
(i) aha ae 


which is normalized according to (5). y(H’) is supposed to be zero for &" < 0.22 Mev 
and equal to 1.5 for H’ =2.5 Mev (Watr et al. l.c.). Between these points p(H’) is 
simply supposed to vary linearly with #’, thus 


(= 0.22) 


(12) PAE Ve 5 59 
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for E’ > 0.22, but p(E’) =0 for H’ < 0.22. Then for deuterium (9) takes the simple 
form 


| Ep (z’) = ae 725 + p- 0.283) 
(13) 1 
fo (2!) = 5, (1 +8 y/80), 


with p=y(LH’), E’ =E,e*. Assuming oxygen to scatter isotropically, we then 
calculate &(x’) and f(a’) for heavy water by multiplying (13) with 0.65 and adding 
0.35 - 0.120 and 0.35/24, respectively. The function t(z) is then calculated by numerical 
integration. It turns out that for slow neutrons (say «>10) the anisotropy value 
of t(x) is less than 0.5% smaller than the usual isotropy value even for H, =1.5 
Mev. This result is very satisfactory, for it means that the corrections on account of 
anisotropy are very small except for very large r and the final values obtained for 
F,(r, E) can be expected to be very good. In fact, the anisotropy correction is some- 
what smaller than the correction for the variation of A(#) which has been done before 
already by using a mean value / instead of the constant low energy value A in I (40). 

We now reproduce some final results of our calculations. We have chosen three 
different values for Ep, 0.5, 1.0 and 1.5 Mev. For each of these source energies we 
have computed the collision density Fy(r, #) for H =1 ev at various distances r 
from the source. The values given in the tables are the final values, corrected for 
the anisotropy. The correction is made by multiplying the value obtained from 
I (40) with the factor, close to unity, which represents the ratio between the age- 
theory values of F’,(7, £), eq. (10), calculated with anisotropy and without anisotropy 
taken into account, respectively. The table also contains the ordinary age-theory 
values of Fo(r, Z) (for pure isotropy), denoted by Fy, For the mean free path A 


we have taken as the constant low energy value 4 = 2.87 cm, corresponding to a 
density of heavy water of 1.10 g/cm*. For Z, =0.5 Mev this value was used directly 
in I (40) in calculating F(r, #). But for ZH, =1.0 Mev we have taken a value 0.5 % 
larger, and for Hy) = 1.5 Mev the value A = 2.90 cm is used in I (40) in order to correct 
for the variation with energy of A. These slightly higher values are mean values 
obtained from age-theory. 

The number of figures of the values of Fy(7, EZ) given in the table below is chosen 
in accordance with the accuracy which is provided mathematically by the method 
of calculation, with the last figure uncertain, in general. Then the basic value 4 = 2.87 
em is considered as an exact number although, so far, the experimental determina- 
tions of the cross sections give an accuracy of some percents only. Besides, the value 
of A also depends on the value of the density. Thus there may be considerable errors 
in Fo(r, #) because of a possible error in A, but the discussion of this lies beyond 
the scope of this paper. We only point out that the table is easily used also if an other 
basic value of A has to be chosen. Then we have to remember only that Fy(r, £) 
contains 1//° as a factor and that it depends on r only in the combination R = ra, 


and for a change of the A-value the table is useful for those new values of + which 
leave the R-values unchanged. 


. fl 4 

It is convenient to use the following abbreviations in the table; G@ (r) = zi: . 
104 

-Fy(r, 1), Ga (r) = @Q Pouce (7,1). G(r) is the number of collisions of neutrons 
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Table 3 
ee 
r (em) | 0 5 10 18 30 50 80 | 
| 
E)=0.5 Mev: 
G(r) | 5.85 5.27 3.99 1.88 0.379 0.0119 2oml Ome 
Ga (r) 4.84 4.52 3.68 2.00 0.411 0.0051 113 1-0 
Ey=1.0 Mev: 
G (r) | 5.29 4.81 3.69 1.82 0.396 0.0142 
Ga (r) 4.42 4.14 3.41 1.92 0.434 0.0070 
Hiyp=1.5 Mev: 
G (r) 4.95 3.51 1.79 0.405 
| Ga (r) 4.16 3.25 1.87 0.448 


of energy H=1 ev for a source strength Q@=104. G(r) is corrected for the 
anisotropy, but the correction 1s only of the order of magnitude 0.1% except 
for r large. For r= 50 cm the correction is —0.7% for EH, =0.5 Mev, -3% for 
E, =1.0 Mev; for r =30 cm —1% for #, =1.0 Mev and —-2 % for #, = 1.5 Mev; for 
r=0+0.2% for H,=1.0 Mev and + 0.4% for H, =1.5 Mev. The comparison of 


G(r) 


G(r) 


7 (em) 
16 20 30 40 50 
Fig. 1. Hy) =1.0 Mev 
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G(r) with G(r) shows that the ordinarily used age-theory is not very useful for 
heavy water. It gives too low values for small 7 roughly up to 15 cm, witha maxi- 
mum error of nearly 20% for r=0. In an intermediate range up to 35-40 em it 
gives too large values with a maximum error of more than 10 % at about 25 cm. 
For large r it is well-known that age-theory gives too small values of quite the 
wrong order of magnitude. 

This discussion also holds for slow neutrons in general. In fact, apart from the 
very small anisotropy correction and the factor 1/E, F,(r, £) is a function of E only 
in the combination z =log E,/E, and the table contains results for three different 
values of x. As it is to be expected, the error of age-theory decreases slightly for 
increasing x. Further the distances from r = 0 to the two intersections of G(r) with 
G(r) increase slowly with a. 

Figure 1 shows G(r) and Ga(r) for Ey = 1.0 Mev as a further illustration of the 
inadequacy of age-theory. 

It should be pointed out, however, that for practical applications the functions 
rG(r) or 7?G(r) rather than G(r) usually are those of significance. This makes the 
maximum error of age-theory at r =0 less serious but increases the importance of 
intermediate distances r. 


Appendix 


We are going to prove a general theorem on the asymptotic behaviour of the 
collision density F,(£) for small #. Let us in the future use « = log H,/E as variable 
instead of H. Then we study the function 


F(x) = £ F,(E) 


which gives the number of collisions per unit of x. If the same transformation is 
made with the probability function (7) 


v(a', x) =E v(E#’, BE), 


F(a) is governed by the following integral equation 


rt 


(14) F, (z)= [ F,(a’) v(2', 2) da’ +Q6 (2), 


0 


where 6(a) is Dirac’s 6-function. Then absorption has been neglected as before, and 


tere | have been assumed. For the kernel »(a’, x) we have the expression 
rom 


, 2H (EF, 
(15) v(x’, x)=e" * ae) , for 0<a-—wa’ <a, otherwise zero, 


for a medium containing a single element; for several kinds of atoms present »(z’, x) 
is a sum of expressions of this form, each multiplied with the weight factor aja : 
Here in »(£", y) x and 2’ have to be substitued. According to the definition of » (a’ Rs 
the integral in x of »(x’, x) is normalized to unity. That means that if we put ; 
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(16) M(H, p) =1+x(E, 9) 


the integral in x over all x-values of the part of v(x’, x) which contains the factor 
Z(E", y) is zero. 

Now for isotropy in the centre-of-mass system we have %(E’, y)=0. Then (14) 
can be solved either by repeated integration! or, simpler, by means of a Laplace 
transformation”. In the general case x (E’, vy) ~ 0 neither of these methods is applicable, 
but of course (14) can be solved numerically by iteration, starting at 2 =0 and then 
passing step by step towards larger values of x. This is a rather cumbersome procedure, 
in particular if we are interested in large values of x. However, in all cases of physical 
interest we have isotropy for sufficiently low energies, but usually anisotropy for 
high energies. Thus we assume that 7(E’, p)~0 only for 0 < a’ < xq, but identically 
zero for x’ > %q (%a iS a constant > 0). Naturally for small « Fy(zx) will have another 
form in this case than if 7 were zero all down to z’ = 0. But an important property 
of Fy(x) is that for x —z, sufficiently large we still have the same constant value 


Fy (#) = Q/ho 


as in the case of isotropy for all collisions. This will now be proved. 
Without loss of generality we may assume that in the interval of anisotropy 
O<a' <2, % has the form 


(17) XE, p) => a (2’) bi (9). 


For a medium containing a mixture of atoms we have one function uw and x for each 
kind of atom, to be denoted by an index k. In the proof to be given below, however, 
we shall assume a single element (or at least only one element scattering anisotropi- 
cally). This is merely to avoid double indices in (17)anda double summation in (14); 
it is really not necessary to bother about this case in detail as the generalization is 
obvious. We now take the Laplace transform of (14). Except for the term D(6) 
deriving from %(H’, gy) the result is well-known, thus 


(17) 1(9) = #(8)C,(9) + D(6) +Q, 


with the notations 


oo a 


(18) {(0) = [ee Fo de, C)(0)= f s feorerdu, 


i= ei 


resulting from the convolution theorem of the Laplace transformation. C)(6) is the 
function ¢)(7) encountered before, I (5) with the change of variables 7 =1 +90. 
For the new function D(6) we obtain, using again the convolution theorem and re- 
membering that ¥=0 beyond z, 


a 


(19) D(6) = 5 [Fo (x) e~°* a(x) da: safe bily (u)] du. 


1 Brr«sson, Ark. mat. astr. fys. Bd 33 B, no. 5, 1946. 
2 ApLER, Phys. Rev. 60, 279, 1941. 
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Here b; [y(w)] means that in expressing cos ina — a’ from (2) the substitution u= 2-2’ 
has to be made. é , 

Now let us for a moment assume that F,(z) is already determined in the interval 
0 <a <z,, by a numerical method, for example. Then D(@) in (17) 1s a known 
function, and for other values of x F(x) can be obtained by solving (17) for /(6) 
and using the inversion of the transformation. 


for 2 > %a 


(20) Fy (e) = =— 


where hy (0) =1 —C,(6), ef. I (4). The path of integration is chosen to the right of all 
singularities of the integrand. As usual, the value of (20) is easily computed by 
summing the residues of the integrand at the poles, which are the zeroes of hy (8). 
The main contribution comes from the pole at 6 =0, as all other poles lie further 
to the left in the @-plane. Thus we have to calculate D(0). But if we write down the 
integral in x from 2’ to x’ +a of the anisotropic part of v(x’, x), an integral of value 
zero, and then substitute w=a-—~a’ instead of x the resulting expression can be 
found in (19) for 6 = 0. The only difference in (19) for 6 = 0 is the multiplication with 
F,(z) and the integration from 0 to +a, (denoting the variable of integration 2’ 
instead of « for completeness). Thus we have D(0) = 0, and the main pole contribu- 
tion to F,(x) has the usual value Q/ho. For the other poles we see from (20) and (19) 
that if «—2, is sufficiently large the contribution from D(@) is negligible, which 
proves the theorem. 

Finally it might be mentioned that the same result also can be obtained much 
simpler by an elementary but less rigorous reasoning. For as (14) for sufficiently 
large a is satisfied by a function Fy (x) = constant, it is rather obvious that the asymp- 
totic solution always must be of this form, independent of the conditions for small a. 
In order to determine the value of this constant it is simplest to consider the slowing- 
down density q(x) which is always constant = Q under stationary conditions with 
no absorption. But q(x) can also be computed from F'y(x), and assuming this function 
to be constant (v—2 sufficiently large) one obtains the exact value q(x) = ho F(a) 
(ho =€), thus F(x) = Q/ho. . 
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Ions formed in a room by positive wire corona 


By Haratp NorinpDER AND REINHARDS SIKSNA 


With 9 figures in the text 


In the scope of the investigation of ions produced by corona discharge recently 
carried out at this Institute [1], [2], ions formed by positive wire corona have been 
included, and results of measurements of these ions will be given here. 

The used experimental arrangement was the same as that for the investigation of 
ions formed by negative wire corona, which arrangement is in detail described 
in [1]. Only the high-tension equipment was switched for positive tension. The 
used measuring method was also the same, viz. that of periodical alternation of chosen 
adjusted limit mobilities of an IsRA#L ion-counter, when measuring large-ions [1], [2]. 
The small-ions were measured with two EBERT ion-counters. 


1. Phenomena observed 


1.1. Corona wire switched on suddenly to a comparatively high positive 
voltage. The highest voltage used was c. 15 kV. If such a positive potential was 
switched on suddenly to the corona wire the following phenomena were observed (Figs. 
1 and 3): 


(1) A sudden increase of the number of positive ions measured with the EBERT 

counter up to comparatively high values, but these values were somewhat smaller 
than those of negative ions under the same conditions. Some variations also occur. 
The variations on a smaller scale may be caused by the variation of the total air- 
flow through the suction box, when the air-flow through the Isra&L counter was 
changed. The decrease on a larger scale shown in Fig. 1 at the end of the curve 
with the tension switched on, must be caused by another event, because of the 
simultaneous appearance of an increase of the number of larger ions caught with 
the IsRA&L counter. 
- (2) The number of ions measured with the large-ion counter increases but not 
so much as in the case of negative corona [1]. Therefore the vertical scale of the 
number of ions measured with the Isra&L counter is the same as that of small-ions 
measured with the Eserr counter only in Fig. 1. The vertical scale of the number 
of larger ions is enlarged in all the following figures (Fig. 3, 4, 6, 8). Some variations 
of the number of ions measured with the large-ion counter may also be stated, as a 
special kind of these variations the indicated increase in Fig. 1 must be mentioned. 
We have no explanation of this increase. 
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Fig. 1. Number of ions measured with the EsBertT ion-counters and the IsraéL large-ion 
counter adjusted at different limit mobilities kx. The present ions were formed by corona discharge 
in a room, when a sufficiently high positive potential was suddenly switched on to a thin wire. 
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Fig. 2. Tendency of the groups of positive ions in different intervals of mobility during positive 
corona discharge. Calculated from the measurements shown in Fig. 1. 


(3) Only one increase of positive ions was established with the EBERT counter 
and with the large-ion counter. 


After switching off the potential and discharging the condenser of the rectifier: 

(1) The number of positive small-ions measured with the EBERT counter decreases 
almost suddenly. 

(2) The number of positive larger ions, on the contrary, increases somewhat from 
the beginning in order to decrease gradually later on. 

(3) The number of negative small-ions increases gradually after switching off the 


potential and reaches after some time the level of the decreased number of positive 
ions. 


1.2. Corona wire at gradually increased high voltage. In order to clarify 
the dependence of the concentration of ions on the potential applied to the corona 
wire, the voltage was increased gradually. Two series of measurements at increased 
potentials with different steepness are shown in Fig. 4 and 6. The curves (including 
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Fig. 3. Number of ions measured with the EBErr ion-counters and the Isran large-ion 
counter adjusted at different limit mobilities kx. Corona wire switched on suddenly to a com- 
paratively high positive voltage. 
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Fig. 5. Tendency of the groups of positive ions in different intervals of mobility during positive 
corona discharge. Calculated from the measurements shown in Fig. 4. 
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Fig. 6. Number of ions measured at a slower gradual increase of the applied positive potential. 


15000 | 
LNA 3 
b Yer ie 
enh 
10000 2 
5000 
t 4+ 
f fa Lo ~o..{--0) 
DL yon 2:5 N oT ~te--le--Lo--+0-- a 
a es el A ee a ae ee ae er a a a 
0 30 60 90 120 150 180 210 min 240 


Fig. 7. Tendency of the groups of positive ions in different intervals of mobility during positive 
corona discharge. Calculated from the measurements shown in Fig. 6. 


also the curves in Fig. 1 and 3) of the number of ions are generally of the same 
feature, only with different rapidity of the variations. 
The following conclusions may be drawn from these curves. 


At the applied potential: 


(1) At the beginning the number of small-ions of both polarities decreases starting 
from the point of time at which the potential is applied. This decrease may be 
explained by a transport of the small-ions, normally present in the test-room, by 
the electric field to the electrodes of the corona device. 

(2) The number of positive small-ions increases slowly at the beginning ata potential 
of c.5 kV, but at c. 10 kV it increases more rapidly. During this increase the number 
of negative small-ions is not measurable. 

(3) The number of positive larger ions measured with the Israi, counter at the 
adjusted limit mobilities of k,, = 2.6, 5.2, 7.9 and 10.5 x 10-4 (adjusted by variation 
of the air-flow through the first (I) condenser of the counter with a constant potential] 
of 130 V) begins to increase at a potential below that necessary for small-ions, 
reaches a maximum at the potential at which the rapid increase of the small-ions 
starts (c. 10 kV, Fig. 4) or at a somewhat higher potential (c. 11 kV, Fig. 6) in order 
to decrease with some fluctuations to a lower level. 

(4) The curves of the number of ions caught at the higher adjusted limit mobilities 
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Fig. 8. Number of ions after switching off corona potential. Continuation of the curves shown 
in Fig. 6. 


15000 ry 


t Nh? n145 


“30 min 60. 


Fig. 9. Tendency of the groups of ions present in two intervals of mobility after switching off 
corona potential. Calculated from the measurements shown in Fig. 8. 


of ky, = 36.8, 73.5, 110 and 147 x 10 4 (adjusted at a lower potential of 9.25 V applied 
to the second (II) condenser of the counter) are of another feature. The first curve 
(with k, =36.8 x 10-4) has a shape similar to that of the previously mentioned 
curves with lower k,. The next three curves (with k, = 73.5, 110 and 147 x 10-*) 
show also similarity, but of another kind. Their increase is slower than that of the 
curves of lower k,,, but when these last curves have reached their maximum and 
begin to decrease again, the curves with higher /,, continue to increase and reach 
their higher values simultaneously with the curves obtained with the HBERT counter, 
and they remain on these levels all the time that the potential is applied. The curves 
of both the higher k,, = 110 and 147 x 10-4 exceed those of all the lower mobilities 
k,,. The shapes of the mentioned curves with the highest used kh, = 73.5, 110 and 
147 x 10-4 are similar to those obtained with the Eprert counter, which fact indicates 
that these curves are defined by the presence of small-ions. A similar effect was 
discussed in the case of ions formed by negative corona [2], but for ions produced 
by positive corona the effect is pronounced more markedly. The effect is manifested 
very distinctly on the n = F(1/k,,) characteristics elevating the curves at 1/k,—0. 

(5) As shown by the considered trends of the number of ions produced by the 
positive corona, the variations are of another feature than those observed by negative 
corona [1]. The values of the measured number of ions under the same experimental 
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conditions are also different in both cases. This fact must be regarded as an indication 
of the difference in the mechanism of the production of positive and negative 
ions by corona discharge. 


After switching off the potential and discharging the condenser of the rectifier, 
the general trends of the curves are the same as those considered in 1.1. Only the 
following facts must be added: 

(1) The increase of the curves of the number of ions caught with the lower adjusted 
ky = 2.6, 5.2, 7.9 and 10.5 x 10-4 after switching off the potential was higher, when 
the duration of the corona discharge in the test-room was longer (c. 4 hours in Fig. 6). 

(2) In Fig. 4 and 8 it is shown more pronouncedly that instantly atter the switching 
off, the curves of the number of ions caught at different adjusted limit mobilities 
arrange themselves below one another in the sequence of the adjusted limit mobilities 
ks with the lowest k, at the highest level and the highest k,, at the lowest level. 
This effect is the same as that observed in the case of ions produced by negative 
corona, and the mentioned order of the curves indicates that a transformation of 
the ions present at the moment of the switching off of the potential occurs during 
this stage of the processes in the air of the test-room in a way by which ions with 
higher mobilities will be transformed into ions with lower mobilities. 


2. Distribution of the present ions in mobility groups 


The distribution of the present ions in several groups of mobility is calculated 
from the curves of the number of ions measured at the adjusted limit mobilities 
in the way described in [2]. The tendency of groups of ions in different intervals of 
mobility is shown in Fig. 2, 5, 7 and 9. 


During the corona discharge the predominant ions are the small-ions. It is evident 
that using the highest adjusted limit mobility k, = 147 x 10-4, which is not at all 
included in the region of small-ions, it may not be expected that the calculated 
concentration of small-ions will be exact, but in spite of that the curves of the 
fraction of small-ions are surprisingly of the same shape as the curves of the number 
of ions measured with the EBERT counter (see especially Fig. 5 and 7). This fact may 
be regarded as an indication that our interpretation of the scanning of ions with 
the upper limit mobility of the condenser of the large-ion counter [2] is sufficiently 
correct and may be used for statements of the presence of ions with higher mobilities 
besides the larger ions scanned by the lower limit mobility adjusted to the condenser. 
Only the correct values of the concentration and of the mobility of the present ions 
with higher mobilities is a question, which may not be answered correctly with the 
present material at our disposal. It may be seen that the calculated concentration 
of ions in the fraction of small-ions is smaller than that obtained with the EBERT 
counter, but one must remember that the values calculated from the curves of the 
number of larger ions are results of extrapolation, and by using higher adjusted 
limit mobilities of the IsrazL counter it may be expected to obtain more correct 
values of the concentration of the fraction of small-ions. In the present case this 
was not the principal thing, because by using the Isra&L counter the intention was 
to determine the fractions of larger ions, and the information on the fraction of 
small-ions is obtained only as a by-result, but the obtained results indicate that by 
scanning the present ions with the upper limit mobility of the counter, results of 
importance may be obtained. The correct value of the mobility of ions scanned 
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with the upper limit mobility of the counter is determined by the correctness of the 
perturbation coefficient a of the counter [2]. We have used the value given by 
IsraL himself. 

Besides the considered small-ions ions of lower mobilities are also present during 
the positive corona, as shown in the figures, but their concentration is lower than 
during negative corona. From the beginning ultra-large (N3°*!° *), Langevin-large 
and large-intermediate (N$°%*13s) ions were present in quanitities, which ex- 
ceeded the amount of present small-ions (N0:{°). The Langevin-large and large- 
intermediate ions reached a maximum at the potential of c. 10kV at which the 
rapid increase of the small-ions started. The presence in smaller quantities of smaller 
intermediate ions with mobilities of 0.01-0.1 is indicated in all the three figures. 
It seems that the fluctuations of the larger ions shown in the figures are real. We 
have no explanation of these fluctuations, nor of the elevation of the fraction of 
larger ions in Fig. 2. 


After switching off the corona the presence of small-ions was not detectable with 
the used method. Only ultra-large, Langevin-large and larger intermediate ions 
remained. 


Acknowledgements 


The Swedish Natural Science Research Council deserves to receive thanks for 
placing means at the disposal of the Institute to perform this investigation. Mr. A. 
Mertniexks who assisted in the measurements and calculations deserves appreciation. 


SUMMARY 


Ions formed in a room by positive wire corona were measured with EBERT ion- 
counters and with an Isra&L large-ion counter by periodical alternation of chosen 
adjusted limit mobilities. Only positive ions were established in a prevailing quantity 
during the corona discharge. The predominant ions present were the small-ions. 
But ions of lower mobilities were also established, though their concentration was 
lower than that during negative corona. The trends of the obtained curves show 
that the processes of production of ions by corona discharge must be different for 
positive and negative ions. After switching off the corona the present ions were 
transformed into larger intermediate, Langevin-large and ultra-large ions. 
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Communicated 10 September 1952 by MANNE SiecBaHN 


The decay energies of Pb” and Si® 
By A. H. Wapstra! 


With 3 figures in the text 


Summary. An intermediate image 8-spectrometer was calibrated with elec- 
tron lines of known energy. The 8-decay energies of Pb?9 and Si3! were deter- 
mined and found to be 635+ 10 keV and 1486 + 12 keV respectively. 


0. Introduction. The sum of the generally accepted decay energies of Pb?°, 
Bi##© and Po is in disagreement with the sum of the binding energies of the 
last neutrons in Pb’, Pb’, Pb?09 and Bi2!° as determined from (n, y) (1) and 
(d, p) reactions (2). In an earlier paper (3) it was assumed that the ®-decay 
of Pb°® did not yield the ground state of Bi2°®. No y-rays were found in the decay 
of this isotope (4) (6). This may be explained in two ways: either a long- 
lived isomeric state in Bi2°9 is formed, or the missing 0.5 MeV is emitted in 
the form of some successive, highly converted low energy y-rays, as supposed 
by Harvey (5). The first possibility is improbable as experiments showed 
that the halflife of Bi2°™ should be at least 500 y (6). Here we will investi- 
gate the existence of low energy y-transitions by measuring the $-spectrum. 
Older values of its maximum energy were 0.75 MeV (7), 0.70 MeV (8) and 
0.64 + 0.03 MeV (6) found by absorption, and 0.68 + 0.03 MeV (9) and 0.71 
MeV (10) determined by {-spectroscopy. 

An analogous situation exists for Si. The difference in mass of P*! and 
Si28 computed from Ewatp’s (11) mass spectrographical measurements is in 
disagreement with the reaction energies of some nuclear reactions. This differ- 
ence can also be computed from the (d, p) reactions on the Si-isotopes (12) 
and the decay energy of Si®!. Earlier values for this S-energy, determined by 
cloud chamber and absorption measurements, are 1.85 MeV (13), 1.50 + 0.01 
MeV (14), 1.37 MeV (15), 1.48 MeV (16) and 1.53 + 0.04 MeV (17). After our 
work had been completed Motz published a §-spectrometer value 1.471 + 0.009 
MeV (18). 


1. Demagnetization procedure and calibration of the B-spectrometer. The 
B-spectrometer used in this investigation is the intermediate image spectrome- 
ter built by SuAtis and Srecpaun (19). It is necessary to demagnetize this 
instrument rather carefully in order to avoid complications due to remanent 
magnetism of the iron shell. The influence of remanent magnetism is most 
serious for low energy lines. The KLL Auger line in Xe! was used for in- 


1 On leave from the ‘Instituut voor Kernphysisch Onderzoek”’, Amsterdam. 
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Table I 


Position of the 24.44 keV KLL Auger line in Xe!8! after different demagne- 
tization procedures (all values are amperes) 
a ES 


Eat Last reversed! Position of 

Initial current Steps sent as 
3.0 0.2 —0.4 0.921 

4.0 0.5 —0.4 0.921 

12.8 0.4 —0.4 0.924 

13.2 0.4 —0.8 0.923 

12.8 0.8 - 0.8 0.922 

14.0 0.8 —0.4 0.922 


vestigating this influence. The Xe-sample was prepared by mass-separating some 
Xe extracted from [1 on a 0.15 mg/cm? Al backing. Table I shows the B- 
spectrometer current at the centre of gravity of the line after different de- 
magnetization procedures. 

The following method was used. The current was increased to the value shown 
in the first column in table I. Then the current was decreased to 0.3 Amp. 
(being the smallest current possible), reversed and raised again to a value, 
lower than the preceding one by the amount mentioned in the second column. 
This procedure was repeated until the current mentioned in the third column 
was reached. After this procedure the Xe Auger line was measured. Table I 
shows that the line position deviates not more than 0.2 % from the mean value. 
Therefore in all measurements the last, most convenient procedure mentioned 
in table I was used. 

In an iron containing $-spectrometer the relation between the current and 
the momentum of the electrons is not quite linear. Therefore the instrument 
was calibrated by measuring some electron lines of wellknown energies. The 
results are collected in table II. 


Table II 


Electron lines used in calibrating the §-spectrometer 
eee 


Nuclide Line used n | I 9/1 Reference 
xe KLL 0.3129 + 0.0001 0.922 0.3392 (21) 
ence Sy) 0.7733 + 0.0004 2.290 0.3378 (21) 
ThB F 0.8147 + 0.0001 2.407 0.3383 (22) 
Ker a K, 0.9624 + 0.0009 2.840 0.3389 (21) 
Kr K, 1.2090 + 0.0007 3.550 0.3406 (21) 
Cs K, 1.9839 + 0.0003 5.815 0.3413 (23) 
Co K, 3.452 + 0.001 10.075 0.3426 (24) 


The third column shows the momentum of the electrons in relativistic units; 
it is connected to the Bo-value by the relation Bo = 1704.43-7 Gauss cm. The 
line width was 5 %. The last column shows the calibration “constant” y/I 
which is plotted in fig 1. ey 
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23 5 10 Amp. 
coil current 


Fig. 1. Calibration curve of the §-spectrometer. 


The errors in the values of /I are due to three sources: 
1. the error in 7 (see column 3). 
2. the uncertainty in determining the current reading for the centre of the 
line; after judging the results of table I this error is assumed to be 0.2 
% (1/25 of the line width which was 5 %). 
3. possible errors in the current meter; these errors probably explain the 
shape of fig. 1. 


Figure 1 shows that the deviations from the mean value 0.340 of the cali- 
bration constant are indeed less than 1%, in agreement with SLATIS and Srec- 
BAHN (19). 


2. The B-spectrum of Pb, Pb? was prepared by bombarding metallic 
lead with 6 MeV deuterons in the small cyclotron of this Institute. The sur- 
face of the lead was scraped off, dissolved in nitric acid and repeatedly puri- 
fied by precipitating with sulphuric acid, washing the precipitate and dissolv- 
ing it in concentrated ammonium acetate solution. After this purification the 
decay was exponential for more than ten halflives; the halflife was found to 
be 3.30 hours. 6-spectrometer samples were prepared by spreading the lead sul- 
phate with insuline on a 0.15 mg/cm? Al backing. The average thicknesss of the 
thinnest sample was 0.9 mg/cm?. The Fermi plot obtained with this sample is 


Vane 


A im tn, 


1 
Ny! 
N 


10 12 1.4 16 18 20 me* 2.2 


Vy — 


Fig. 2. Fermi plot of Pb. 
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We 


Fig. 3. Fermi-plot of Si. 


linear above 200 keV (as shown in figure 2). The average endpoint of several 
runs is 635+10keV. This maximum f-energy is somewhat less than most 
earlier values but it agrees with our absorption value (6). 

Due to the rather thick sample low energy electron lines should have been 
broadened. However, any electron line with an intensity of 5 % and an energy 
larger than 30 keV would probably have been detected. In order to look for 
low energy y-radiations we studied a strong sample in a Nal (TI) scintillation 
spectrometer (20). No y lines between 10 keV and 150 keV were detected, nor 
the K-radiations reported by C. Shure (5). Hence this 6-transition appears to 
be a ground state transition. 


3. The decay energy of Si*!. The Si*! samples were prepared by bombard- 
ing P38, with fast neutrons from the small cyclotron and purified using the 
procedure of WENNERBLOM et al. (16). The (§-samples were prepared in the 
same way as mentioned for Pb®*. The best sample had an average thickness 
of 0.5 mg/em?. Since this sample was rather weak only electrons with energy 
higher than 700 keV were measured. The Fermi-plot (fig. 3) is linear in the 
whole region investigated. 


Table III 


Nuclear reaction energies 
a 
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No. Reaction | Reaction energy 
1 Si?® (d, p) Si 6.246 + 0.008 
2 Si? (d, p) Si3° 8.388 + 0.013 
3 Si®° (d, p) Sis? 4.364 + 0.007 
4 P31 (p, a) Si28 1.909 + 0.010 
5 Pete (cd) o) Site 8.158 + 0.011 
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The average maximum energy of two measurements with different samples 
was 1.486 + 0.012 MeV, in good agreement with the value 1.471 + 0.009 MeV 
published by Morz (18). 


4. The difference in binding energies of P*! and Si. From Ewald’s mass 
spectrographical measurements (11) we find P#!Si28 = 26.314 + 0.036 MeV. Reac- 
tion 4 in table III gives a value 26.374 + 0.011 MeV for this difference in bind- 
ing energies, reaction 5 and 1 26.373 + 0.015 MeV. This is to be compared 
with a value 26.380 + 0.020 derived from reactions 1, 2,3 and the 8-energy 
found above. Therefore our measurement confirms the reaction data and indi- 
cates that Ewa.p’s value may be slightly low. 


REFERENCES. (1) B. B. Kinsey, G. A. Bartholomew and W. H. Walker, Phys. Rev. 
82, 380 (1951). — (2) J. A. Harvey, Phys. Rev. 81, 353 (1951). — (3) A. H. Wapstra, 
Physica 17, 628 (1951). — (4) J. S. Levinger and E. P. Meiners, see ‘“‘Nuclear Data’’, 
Bureau of Standards, Circular 499. — (5) J. A. Harvey, private communication. — (6) 
A H. Wapstra, Thesis, Amsterdam 1952. — (7) W. Maurer and W. Ramm, Z. Physik 
119, 602 (1942). — (8) K. Fayans and A. F. Voigt, Phys. Rev. 60, 619 (1941). — (9) 
W. Rall and R. G. Wilkinson, Phys. Rev. 71, 321 (1947). — (10) J. S. Levinger and 
M. B. Sampson, see “Nuclear Data’’, Bureau of Standards, Circular 499. — (11) H. Ewald, 
Z. Naturf. 6 a, 293 (1951). — (12) D. M. van Patter, A. Sperduto, P. M. Endt, W. W. 
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Communicated 12 March 1952 by Ivan Water 


On the coherent scattering of light by an electrostatic field 
according to the Dirac hole theory 


By PER SvENONIUS 


§ 1. Introduction 


The aim of this paper is to discuss the interaction between photons and an 
electrostatic field V,1 according to the Dirac hole theory. We will limit our 
investigation to the case of coherent scattering. The whole system of particles 
is assumed to be enclosed in a cube of periodicity L%. Letting d ® denote the 
differential cross-section of the coherent scattering of a photon k, e (k = mo- 
mentum, e = unit vector of polarization) into a photon k’, e’ in the element 
of solid angle d 2, we obtain upon considering second order perturbation?2: 


(1) dD=dQ «4|S|? L2 where 


(2) ey) 


o=0 t=e 


5 ee) es Jezdco 
Gate ae 5) = 814845 


é=the electron charge; 
(3) Ior=a|J |= [or od x, etc. ; 
| J=a-ecth*, J =qre'¢ ths, 
a, 8=the Dirac spin matrices; 
E,, Yo =eigenvalues and corresponding orthonormalized eigenfunc- 
(4) tions of the Hamiltonian H=a-p+f+V (V=eV,) of an 
electron moving in the electrostatic field Vo; 


0, €=occupied and empty eigenstates of H. 


1 We use relativistic units (A=m=c=1). L denotes the relativistic unit of length: 
h 
1 L= — cm. 
mec 
2 Of. N. Kemmerer: Helv. Phys. Acta 10 (1937) p. 113. 
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§ 2. Expansion of S in “powers” of V 
Let H* and gz denote the charge-conjugated quantities of H and qz, 1.¢.}, 


(5) { H=a-p+BrV, He= top pres 


| H = Eo Go; HB” oy = EF o2- 
The charge-conjugated quantities then may be written 
{v2 =o, 
©) | Ee cae E,, 


if a is taken to be real and # purely imaginary.* Another formulation of the 
connection between eigenfunctions of H and H” in our case is as follows. 


{v0 = B a1 & %3 Po, 


(7) | Hi = —E,. 
If we now perform in succession two conjugations of 
Sievor 
(8) Smad, Dae aE 


one according to (6) and the other according to (7), we get 


dardey 
(9) S,= > 25 hk 


o=0 t=e 


Thus the operators J and J* may exchange places without affecting S, or S.. 
From this, we conclude that S, and S, are unaffected by an exchange e=e’, 
k= —k’ and that S is an even function of k. 

We shall now compute S,. The calculation is limited to the case in which all 
negative-energy eigenstates are occupied and all the others empty (“vacuum”’). V, is 
taken to be a weak potential, 7.e., V will be regarded as a perturbation parameter. 
As was recently remarked*, the vacuum term’ S= >(+) always represents 

— 


oT 
the difference between the coherent scattering amplitudes in a consequent hole 
theory and in a theory that regards only positive-energy particles as present. — 


* See H. A. Kramers: Proc. Akad. Wet., sect. of sci., 40:2 (Amsterdam 1937). 
* For simplicity we make this special choice of the matrices a, B. 


* K. J. le Coureur and S, Zrenau: Proc. Phys. Soc. A 63 (nov. 1950) p. 1223. 


- + 
o represents all states satisfying Hz, <0 and T all states EH, > 0. 
From the mere fact that we can write eq. (2) in the form 


aS X(eey= U > (-+) 


o=0 tT=e o=0 t=0+e€ 


we see that the contributions from the separate particles to the coherent scattering amplitude 
actually superpose. 
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The study of this vacuum scattering thus is of great interest for an appraisal 
of the hole theory and its consequences. 
To evaluate 


Jegdas 
10 os TOIG® ; 
Sie 2 FF, —k 


—+ 
ot 


we start with a formal operational summation.1 We may write 


(11) 8,=>d<z|JQI*|D 
+ 
where 
H 
Pees 
27T+|H| 
(12) T=E,—k (fT =capital 7), 
and 
|| po = | Lo] go. 


Letting |n>2 (and |m)) denote the complete orthonormalized set of eigenkets 
of the operator Hj,=a-p+ , we can write 


(13) $,= ESC T|n><n] Q[m><m|J* 2). 


The operator |A+B| can always be expanded in powers of a “small” Bina 
representation where A is diagonal, even if A and B fail to commute. As- 
suming an expansion 


(14) |4+Bl=a+b+c+::- (b~B, c~B? etc.) 


we obtain upon squaring and identifying 


a=|Al, 
AntAm 
(15) bam= Fg, btm 


(B2—b7)nm Bas Bsm—bnsbsm 


Gna Om 8 An + Am 


Cam 


(16) where, ¢.g., bnm=<n|b|m), |n> being an eigenket of A. 


1 Cf. N. M. Krott and W. E. Lams, Jr.: Phys. Rev. 75 (1949) p. 392. 
2 Latin letters will throughout be used for free-particle states and Greek letters for bound 
states. Thus En is an eigenvalue of H, and Eo an eigenvalue of H. 
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In this way, we expand the symmetric operator+ 
(17) Q=3[(1-314, |4|"-), 7+H)") 


to the second power of V. Having then eliminated the o-states in (10), we 
+ 


eliminate the t-states in the same way, putting 7 =|H|—k and again expanding 
to the second power of V. The computation is straightforward but rather 
lengthy. From the final expression, containing only multiple sums over free- 
particle states, we can draw the following conclusions, 

The zero order terms give no contribution if kA~k’ and can be omitted.? 
Charge-conjugation reveals that the first order terms vanish identically. Thus 
the second order terms will give the main contribution to S,. If we charge- 
conjugate these terms according to (6), we may write? 


(18) S,= —2(s1a +518), where 
ACI oes m+ = Sr8n Smt 2 Mr Mn Ms + _& Rms (nm + Rs) + 
rnsm rnsm rnsm rnsm 


+-F- 


+ > Rams (ms+Rn)+ > Rams(rm+Rs)+ > RraRsRn\ 
+--+ +--- ‘ 
J 


rnsm rnsm rnsm 
E, En Es Em 
+, 
; Jen Vas Vamd mes 
Ay An As Am 


(19b) sin = Yee BAT eT ape WU ted Boe a er 


ns@ rns@ rnsq 


> 8, Seeech D, RakteSal 2h Baki he 
++=—+ +--+ to == Ti a 


rnsq rnsq Ar An As Ag 


Jrn Pwisia Ver: 


The following notations are used here. 
a, =| E,|= (1+ pi)? (i=r, n, 8, 9); 


+ a 
?7,7=the positive and negative energy spectrum resp. of Hy; 


Rn=N,=(a;+an—k)"', ete.; 


> 
n= My = (Ar +Qn), ete. 


Performing a conjugation (7) of an arbitrary sum in (19), we see that inter- 
changing ng and —’s in the four summation indices does not affect the sum. 
A conjugation (6) and an index change nem gives 


(20) > (ar, Gn; as, Gm) Tn Vas VemImr= » f (ar, Am, As, Gn) fo Vas Van J mrs 
rnsm Bg et 
* [a, B]+ =aB + Ba. 


: Cf. Kemer: loc.cit.; Cournur and Zrenav: loc. cit. 
Cf. Kemer: loc. cit. eq. (14) p. 117. 
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where f is a function of four variables and 0, ¥, o, uw temporarily denote the 
signs of r, n, 8, m respectively. 

Using (20), we find that some sums in Si1a change into others under the 
transformation e=e’, k= —k’. The same is easily shown for s;3 upon making 
the substitutions r=s, nq. We may now write 


| 8,= = (sia + si5), 


where 8;~8, when ee’, k= —k’, and where 


Bet 
rnsm rnsm rnsm 


, 2 r its m rSn8m is “ ; 
(22 a) diam {ee ean + 2 Sis 3 ee. 2Rm ns (n ee ae 


+H - —— 


+ > Ryms(ms+ Bm) + > Pa Ry Re) Bea Ee Ee 5.54 VenTit} 


rnsm rnsm Ar An As Am 
(22 b) 5 -{ S. Rs 8nq+ . Resator > 2R,Rsrgt > Rn Be Se\. 
cl 1B a Ge Sse e +44 Sp Sar J 
rnsq Tn). S90 TNnSQ rnsq 
H, E, Es; E. ; 
3 : aay: ee Veolia Var 
r Un Us Ug 


§ 3. Evaluation of the spurs 


The following notations are now introduced. 


|c>=the spinor ket of |7>, 2e., 


(3) al euccoes in | ie See 

(24) Pu=pi-p; By=H-E; EF’ =H,+8; 

(25) W (g)= fee" V (x) da; 

(26) 6(p) =6 (p1) 6 (M2) 6 (ps); 6 (x) =the Dirac delta function. 


We now treat the sums in (22a). They are all of the type 
E, Ey Es Em 


Ar An As Om 


(27) Da ma dy t (ar, An, Ms, am) Jen Vans Vind nr: 


rns 


where / is a function of four variables and where each ‘index r, n, 8, m runs 
over all positive- or all negative-energy eigenfunctions of Hy, this being not 
explicitly indicated in (27). It is now clear that 
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eS - f (ar; An, As, Am) 
hj ™ (2 2)° sn 
@8) Landay Se See S28 (Part 8) W (ee 
W (pms) 0 (prm—k’) Ornsm; 
where 


(29) Ornsm=4 Er En Be Em % Cola-ely><»|o)<olur<ula-e'le?. 


In (28), each index py, Pn, Ps, Pm Tuns over every eigenvalue of p. The spin 


degeneration is accounted for in (29), where > indicates that every spin index 
spin 
runs over two spinor functions belonging to the same momentum and energy 


eigenvalues. 
We change (28) into an integral and obtain 


f (ar, Qn, As, Am) ( 
4. Gy Gin Ag Om 


(30) dsa=(2 n)* [ dp. dpnrdpsdpm 
-O(Pnrt+k) W (psn) Ww (Pms) 6 (Prm— k’) Ornsm- 


Dropping the index r for p,; and making the change of variable p,,+k—g, 
we find 


(31) Ya=(22)° i dp dg te tu On) Fy () WIK glia 


4 ay An As Am 


where 

K =k-k’; 

a =+(1+pi)t=|F,| ({=r, n, s, m); 
(32) Pr —P; 

Pr=p—k; 

Ps =p+g—k; 

Pn=p-k’. 


Ornsm (29) will be evaluated by successive operational elimination of the 
spinors. 


(38) Orman AE, Ba Bs Bm © Cola-elv><vla (1+ 22 *8) >< uJa-e’|e)= 


“48, Ha En & Col{(Enr+a-k)a-e+2e-p} (E'"+a-g)- 
‘{2e’-pt+a-e’ (En, +a-k’)}|o>= 
=tSp[(E,+a-p +B) (2e:p+En,a-et+a:ka-e)- 
(E°" +a+g)(2e’-pt+Em,a-e’+a-e’ a-k’)]. 
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We now introduce the following notation. 
(34 a) tSpa:A a-B=A-B; 


(34b) (A, B, C,D)=4S8Spa-A a-Ba-Ca-D= 
=A-B C-D-A-C B-D+A-D B-C: 


(34 c) (4, B, C, D, E,F)=4Spa-A a-Ba-Ca-D «a-E a-F= 
=A-B(C,D,E, F)—A-C(B, D, E, F)+ 
+A-D (B,C, E, F)— A-E(B, C, D, F)+A-F(B, C, D, E). 


The last equality in (34c) is easily established. Using the notation 4=a: A, 
etc., we have 


2A-D BCEF=BO(AD+DA)EF=(ABC+2A:C B-24-BC)DEF+ 
+BCD(EFA+2A-EF-2A-FE). 


The spur of this identity gives (34¢c). As is easily seen, the formulae (34) - 
may be extended to any power of a. 
We now have 


(35) Ornsm =2E°" E’" e-p e'-p+#, Eny BE” En,e-e’+4e:p e''p p-gt 
+ En, EB” e'-p e-gt+Em, EH” e-p e'-g—EnrEmre:e’ p:gt 
+2e'-p(p,k, e, g)+ EB" En, (p, k, e, e') +E, Emr (k, e, g, e’) + 
+2e-p(p,g,e’,k’)+H°" En, (p, e, e’, k’)+ E, En: (e, g, e’, k’) + 
+E, H*” (k, e, e’, k’)+(p, k, e, g, e’, k’). 


In the same way, we find 


EL, E, Es E 


(36) dYs= Sy f (a; An) as, aq) ts se Va Abe Var= 
TNS 


Ar An As Ag 


=n) | dp dg (tr Om O49 Wy (9) W (Kg) tensa 


4 Ay An As Aq 


(37) Trnsg=tSp[(E, +a+p)(2e-pt+Enra-et+a:k a-e)(H"+a-g) 
(Qe’-pst+Hysa:e’t+a-e’ a-k’)|= 
=2E"E,,e:p e-pt+2k" i" e:p e'-ps+E, En, BE” Ey,e-e' + 
+4e-pe'-p, p:'gt+2E, Ene’: ps e-g+2H, Ey,e-p e'-gt 
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+ En, Eqs (ps e.g, €') + 2€'* ps (Pp; k, e,g) + E°” Eqs (p,k, e, e’) + 
+ E, Eqs (k, e, g,e’)+2e°P (PB; e', k')+E,, E°" (p,e,e',k’) + 
+E, Ent (e, g, e’, k') + E, E*” (k,e, e’, k’) + (p, k,e,g,e’, k’). 


The notations (32) are used and 
(38) Pco=pt+g-K. 


The evaluation of S, (21) now consists in computing (22) according to (31), 
(35), (36), and (37). 


§ 4. The non-relativistic approximation 


An expression like (31) or (36) seems difficult to treat exactly by any method. 
We therefore turn to the case of k<1l, the non-relativistic approximation. 
Introducing k=0 in (22) and then integrating according to (31) and (36) over 
p-space (beginning with an integration over all directions of p), we may verify 
that S, vanishes in this case. The computation is tedious but quite elementary. 
We can thus verify Kemmer’s assumption that the terms of order 0 and 1 
vanish when we expand S in powers of k(=|k|=|hk’|) in the non-relativistic 
case, as the linear terms in k, k, and k’ obviously give zero contribution. 

We must now expand (21) to the second power of k. Before performing this 
expansion, we make the change of variable g>x—p+k. We then have (ef. 
(31) and (36)): 


(39) Sa-@ay* fap dx Atte Ons Os Om) yo) pee be ee 


4 Ay An As Am 


(40) Se- ay | dp Gg Or Oe) rE Wp eee Ceres 


4 Ay An As Ag 


where as before a= +(1+p/)*, but now 


Pr =P; 
Pr=p-—k; 

(41) Pr =%3 
Pmn=p-Fk; 
Pe =xtk’. 


The transformed spurs o;nsm and tynsg may be written as follows. 
(428) Ornsm=2e:p e+ p(B, E""+2—x-k—x-k')+4e:-p e'-p p-x+ 

+2e:p e'-x(H,Em,+p:k')+2e'+p e-x(E, Eny+p:k)+ 
276 


ARKIV FOR FYSIK. Bd 6 nr 27 
+ En, Emr (e, p,e, x) +e:e! Emr En, (E,H;—1)+ Es Emr (e, e’, p, k) + 
+ Es Ens (e’, e, p, k’) — EH, Em, (e, e', x, k) — E, Enz (e’, e, x, k') + 
+ (1+ #, Es) (k, e, e’, k')+(p, k, e, x, e’, k’); 


(42b) trnsg=2e-p e'-p(E, Ey,—x-k')+2e-x e'+x(E, Eny+p-k)+ 
+2e-pe’-x(H, E,+ H,Hgt+2+2p-«x—x-k+p-k’)+ 
+ Enr Eqs (e, p,e’, x) +e-e' Bn, Eqs (LE; Hs —1)+ Es Eqs (e, e’, p, k) — 
— E, Eqs (e, e', x, k) + E; Ens (e’, e, p, k’) — Ey En, (e’, e, x, k’) + 
+(1+ 4H, Es) (k, e, e’, k’)+(p, k, e, x, e’, k’). 


Supposing V, to be a Coulomb potential —Ze/r, we have 
(43) V=-—-Zé/r and 
(44) W (g)= —42Z &*/g”. 

We now expand (22) to the second order of k, using (39), (40), (48) and (44). 
The evaluation of these terms is laborious but mathematically uncomplicated. 
In this way, we may get a correct first term in the non-relativistic expansion 
of the scattering amplitude. We hope to set forth results of the computation 


itself in a later communication. Kemmers! estimation of the amplitude is 
probably of the correct order of magnitude. 


The author is very grateful to Professor Ivar Waller for suggesting the present 
problem and for many valuable discussions regarding it. 


1 Loc. cit. p. 182. 


Tryckt den 28 februari 1953 


Uppsala 1953. Almqvist & Wiksells Boktryckeri AB 
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Communicated 14 May 1952 by Axe, E. Linpe and Haratp NorinpER 


Mobility spectra of ions formed by positive corona discharge 


By REINHARDS SIKSNA 
With 8 figures in the text 


1. Introduction 


Results of the measurements of ions formed in a room by positive wire corona, 
using the periodical alternation of chosen adjusted limit mobilities ky of an Israith 
large-ion counter [1], were employed to determine the characteristics (curves of the 
number of caught ions n with respect to 1/kx). The mode of the determination of 
the characteristics was the same as that used earlier to investigate the ions formed 
by negative wire corona in a similar experimental arrangement [2]. The number of 
positive ions formed by positive corona and caught at the same kx was lower than 
that formed by negative corona, and the general shape was also of another feature. 
An increase of the characteristics was present at higher ky (lower 1/k) similarly as 
for negative ions but in a higher degree. This increase was caused by the scanning of 
the ions with the upper limiting mobility aky of the counter, as shown in [2]. Ions 
with corresponding mobilities (small-ions) must be present in a greater amount here. 
Further properties of the obtained characteristics may be found from the curves 
shown in [1]. Mobility spectra of ions formed by positive corona calculated from the 
obtained characteristics will be considered in this article. The mode of their calcula- 
tion is the same as that used for determining the mobility spectra of negative corona 
ions [2]. Besides the mobility spectra obtained by scanning of the ions with the Is- 
RAEL counter in the regions of larger ions, results of measurements with a small-ion 
counter will also be considered. 


2. Mobility spectra of ions formed in a room by positive wire corona 


Some examples of the obtained mobility spectra are shown in Fig. 1 and 2, for 
ions formed when a sufficiently high positive potential was suddenly switched on to 
the corona wire (from Fig. 1 shown in [1]), and in Fig. 3 and 4 at a gradual increase 
of the applied positive potential (from Fig. 4 in [1]). Generally the shapes are of a 
similar feature. 


During the corona discharge: 

(1) A wing of a band of large and large-intermediate ions is present. A band be- 
tween mobilities of (6-14) x 10-4 is superposed on the wing of the larger band, 
partially at the beginning (Fig. 1 and 3). 
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Fig. 1. Mobility spectra of ions formed in a Fig. 2. Mobility spectra of ions formed in a 
room by positive wire corona when a suffi- room by positive wire corona when a suffi- 
ciently high positive potential (of c. 15 kV) ciently high positive potential (of c. 15 kV) 
was suddenly switched on to the corona wire. was suddenly switched on to the corona wire. 
Region of large and large-intermediate ions. Region of small-intermediate and small-ions. 


(2) A wing of an intensive band is present in the region of small-ions from k = 
= 0.2 —0.3 cm sec-1: V cm-! (Fig. 2 and 4). 

(3) The appearance of a smaller but well defined band may be stated in the region 
of smaller intermediate ions with k =(0.04—0.1) during the development of the 
processes. These bands are not shown in all the figures. 


After switching off the corona: 


(1) The small-ions were not present here in amounts sufficient for measurements. 
(2) The large-intermediate and large-ions were displaced to lower mobilities in 


the course of the transformation processes. Only a wing of these ions was established 
by the used adjusted mobilities. 


3. The mobility band of the present small-ions 


As it has been mentioned repeatedly [1], [2], it is evident that a more correct 
determination of the form of the distribution function of the small-ions with respect 
to the mobilities could not be expected by scanning the ions with the upper limit 
mobility of a large-ion counter. Therefore the intention was to determine the ions 
in the mentioned region of mobility of small-ions with a more appropriate apparatus. 
Some results of such measurements will be presented here. 
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3.1. The used small-ion counter for determination of the characteristics. 
For the mentioned purpose an ion-counter for small-ions was built at the Institute by 
using a WEGER aspiration condenser [3]. The arrangement of this small-ion counter 
with its auxiliary devices is shown in Fig. 5. The small-ion counter was connected 
with the employed suction box instead of one of the EBERT counters, which had been 
used during the earlier measurements. Characteristics of the present small-ions were 
obtained with the small-ion counter by variation of the potential applied to the in- 
ner electrode of the WEGER condenser at a constant air-flow through it. Because of 
the adsorption effect of the small-ions present in the counter and in the connection 
tubes, and because of some other transformations of the ions passing through the 
latter, it was not possible to use here the adjustment of the chosen limit mobilities 
of the condenser by varying the air-flow. The mentioned effects are of interest also 
from other points of view, and they will be considered at another place. One of the 
EBERT counters remained on the suction box, and it was used for carrying out com- 
parisons with the new small-ion counter, and also for maintaining a sufficient air- 
flow through the suction box, because the aspiration through the new small-ion 
counter was too slow to replace the air of the suction box. 


3.2. Obtained mobility bands of the small-ions formed in the test-room by the 
used corona wire. The height values of the obtained mobility bands were dif- 
ferent dependent on the speed of the air-flow through the condenser and the EBERT 
aspirator (through the suction tubes and the suction box respectively), but the form 
of the bands remained comparatively characteristic. Some of the obtained mobility 
bands of small-ions are shown in Fig. 6. They start with a comparatively steep in- 
crease at c. 0.3-0.4 cm sec-!: V cm-! (in good accordance with the starting mobility 


281 


R. SIKSNA, Mobility spectra of ions 


WIIZTILILI TIDAL I IAI PIII 


GOSESSSESSESENY 
m2) 


jafalelafalafeya 
By 
Fig. 5. Schematic diagram of the used arrangement of the small-ion counter and the small 
generator of corona ions. (W) small-ion counter with WEGER condenser Cw, Sw slide to the con- 
denser, Bw battery of the condenser, LH LINDEMANN electrometer, D calibration device of the 
electrometer, R rotameter; (#) EBERT ion-counter, Sz slide to the EBERT counter; (B) suction 
box, Sj, S,, S3 slides of the suction tubes, 7',, T,, 7’; suction tubes from the test-room; (@) gen- 
erator of corona ions, Z bakelite cylinder, B bushing of the corona wire W; (R) rectifier, Tr, high- 
tension transformer, 7'r, heating transformer. 


established by scanning with the upper limit mobility of the large-ion counter). A 
maximum is reached at 0.4-0.5 cm sec-!: V cm-}, and after that a slower decrease 
follows to the mobilities of 2-2.5 cm sec-!: V em-}, 


3.3. A small generator of corona ions. As mentioned, some transformations in 
the test-room of the formed ions and during their passage through the suction device 
were indicated. Therefore it was attempted to diminish these transformations in 
order to catch fresher small-ions in the counter. For this purpose a special generator of 
corona ions was built by using the corona discharge of a short piece of wire. The con- 
struction of this ion generator is shown in Fig. 5. Against the ends of a bakelite tube 
of 15 cm diameter and of 38 cm length two bakelite disks were pressed with three 
bolts. Through the centre of one of the disks a small porcelain bushing was arranged. 
The corona wire, a 2~3 cm piece of a 0.05 mm thick kanthal wire, was fastened in 
this bushing. At the other disk a 33 mm brass connection tube was fixed. This tube 
was pulled outside the connection tube to the suction box. Two holes were made in 
the bakelite tube across the corona wire. Air was sucked through these openings 
into the generator. The device proved to be a useful generator of small-ions of one 
polarity. The concentration of the ions varied dependent on the air-flow through 
the generator. With an air-flow of 300 I/min through it the concentration of negative 
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Fig. 7. Mobility bands of the small-ions formed by the corona generator. @ air-flow through the 
counter in cm sec}, 


ions was 80000 cm-%, the concentration of positive ions was 120000 cm~? at a corona 
potential of only 8 kV. 


3.4. Mobility spectra of small-ions formed by the corona generator. The 
mobility spectra of small-ions formed in the corona generator and measured at dif- 
ferent air-flow ® through the condenser are shown in Fig. 7. In general, the shape of 
the bands is similar to that shown in Fig. 6, only, they do not tend to such great 
mobilities as there. Besides positive ions, negative ions measured under the same 
conditions are shown in Fig. 7. As may be seen, the total number of negative ions is 
lower than that of positive ions under the same conditions, and the shape of the 
bands is also somewhat changed. This difference of the bands of positive and nega- 
tive ions is also shown in Fig. 8, where more careful measurements at a higher air- 
flow of 300 1/min through the suction box were used for the calculation. 
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Fig. 8. Mobility bands of the small-ions formed by the corona generator. Air-flow ® = 300 1/min 
through the suction box. 


3.5. Characteristic mobilities of the bands. Accepting a continual distribu- 
tion of the ions over an interval of mobilities, we can introduce some mobilities by 
which the distribution band can be defined. Two mobilities k, and k, define the range 
of the interval over which the band is distributed. We will call these mobilities range 
mobilities. Unfortunately any determination of the range mobilities could not be 
carried out sufficiently correctly, partially because difficulties arose with the upper 
ky due to some properties of the characteristic at higher ky (lower 1/kx). 

By using the definitions of statistics we can distinguish two other mobilities charac- 
teristic of a distribution band: the mode mobility k(mode) at which /(k) = max., and 
the median mobility k (median) defined by the equations 


ky < k (median) < ky, 
k (med) 


frovar- Fravan-4 fraaredyy 


k (med) ky 


It seems that the median mobility may be very good to characterize the band. The 
median mobility can be determined very simply from N = N (kx) curves, and, as it 
will be shown, the values of k(med) are in very good accordance with the values of the 
mobilities which are usually attributed to the small-ions in the atmospheric air. 
The mode mobility may be used as the second characteristic mobility of the band, 
and it seems that it characterizes some processes of the inner transformation of the 
mobilities in a band. 

Additionally a third characteristic mobility could be named, the arithmetic mean 
mobility k, defined by the equation 


[us (kak 


keg Eas 
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Preliminarily we shall not use this last mobility. The quoted characteristic mobilities 
of the band of small-ions formed by corona discharge and shown in Figs. 6, 7 and 8 
are collected in Table 1. The accordance of the values of the median mobilities from 
Figs. 7 and 8 is surprising. 


Table 1 


Characteristic mobilities (in cm sec-!:Volts em-1) of the bands of distribution of 
small-ions formed by corona discharge 
a 


Range mobilities k k 
ky ae median mode 
(+) Ions formed by corona wire 0.4 ~3.0 0.90 0.5 Fig. 6 
in the test-room 0.88 
0.96 
0.5 ~3.0 0.93 0.6 
0.96 
1.00 
(+) Ions formed by the genera- 0.4 ~2.0 0.82 0.74 Fig. 7 
tor of corona ions 0.82 0.74 
0.88 0.6 
0.78 0.6 
0.4 ~ 2.0 0.80 0.65 Fig. 8 
(—) Ions formed by the genera- 0.45 ~3.0 NGI ey 0.9 Rigas? 
tor of corona ions iba 0.74 
1.30 0.92 
0.4 ~ 3.0 1.22 0.5 Fig. 8 


The higher values of the same mobility from Fig. 6 may be explained by neglecting 
some corrections, which have been regarded, when the bands shown in Figs. 7 and 8 
were calculated. 
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SUMMARY 


The mobility regions of the ions formed by positive corona discharge were fixed 
by the determination of the mobility spectra. The bands of small-ions, formed in the 
prevailing quantity by corona, were determined with characteristics obtained with 
a small-ion counter. Besides ions formed by positive corona wire in a larger test- 
room, bands of small-ions of both polarities formed with a generator of corona ions 
were investigated with the same method. The difference between the obtained 
mobility spectra and the difference between the number of positive and negative 
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that the mechanism of the 


ions formed by corona under the same conditions show 
e the ions themselves must 


production and transformation of corona ions and mayb 
also be different for positive and negative polarity. 


Institutet for hégspainningsforskning vid Uppsala Universitet, May 1952. 
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Communicated 4 June 1952 by Bertin Lryppiap and Erik Huiratn 


A phase contrast refractometer with high accuracy 
for gases and liquids 


By Erix INGELSTAM 


With 19 figures in the text 


1. Introduction and summary 


As part of a programme of our laboratory for the study of phase contrast methods 
and their application to quantitative measurements, a refractometer for liquids and 
gases has been developed. This refractometer is useful for the determination of re- 
' fractive index relatively, and, by inserting end gauges in the cell in order to get a 
well-defined and precise cell thickness, also absolutely. Preliminary papers dealing 
with this and similar methods have been published previously [1, 2, 3]. When working 
with the highest precision possible with the instrument, the accuracy obtained with a 
photoelectric device is about 1/1000 of a wavelength, which, for the 10 mm thick 
cells so far used, corresponds to an accuracy of refractive index of 0.04: 10-® The 
measuring region extends from 0.05 - 10-* to 1500 - 10-®. This relatively large range is 
achieved by combining the instrument with a Young double slit arrangement, which 
provides a coarse scale for the whole wavelengths included in the optical path dif- 
ference measured. The theory has been worked out, and examples of measurements 
on oxygen are given. In many applications in which the utmost precision is not 
required very simple apparatus can be used. If only visual measurements are made, 
the accuracy is about 1/5 of that given above. A useful application is the study of 
streaming liquids and gases, whose changes in refractive index may be recorded auto- 
matically. An advantage is that only very small amounts of the liquid or gas under 
examination are necessary. 


2. General principle of the method. Notation 


In order to make phase contrast arrangements quantitative, it seems to the writer 
essential to stick to the one-dimensional phase variation case, which in this applica- 
tion means working with rectangular apertures and slits. This is not merely for the 
sake of the much simpler mathematical treatment of the diffraction geometry — 
as is well known, the analysis of the circular cases leads to such great mathematical 
difficulties that even approximate solutions are too complicated for practical use — 
but the one-dimensional case also makes it possible to work with photoelectric and 
other analyzing devices which are simpler and more accurate than in any other case. 
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Fig. 1. The optical parts of the present method necessary for the development of the theory. 


The fluid the refractive index of which is to be determined (n,) fills a central part, 
A, of an aperture field as shown in Fig. 1, and the fluid acting as reference (refractive 
index nz) fills the rest of the field, marked B, the regions A and B being separated by 
two walls D which are opaque. The technical construction of the cell providing this 
aperture will be described later in connection with Fig. 8, but at this stage it is 
sufficient to state that a plane and monochromatic linearly polarized wave traverses 
the A and B apertures, the geometric path in the fluids being ¢. On account of the 
difference in refractive index, the wave through A will have an advance in phase 
with respect to B, of 


2 
p=" t (mm). (1) 


The ratio p/2 m may be a fraction of unity, i.e. of the period, or may represent many 
periods, being limited by the number of wavelengths over which the monochromatic 
light will interfere with the required precision. 

The diffraction pattern corresponding to this plane wave lies in the image plane of 
the entrance slit, which, as a consequence of the assumption of a plane wave-front, 
will be taken as being infinitely narrow. The desired phase contrast is achieved by 
the usual method of inserting a phase plate in this plane, the plate consisting of a cen- 
tral area introducing a phase shift y (expressed in radians) of the light falling onto it. 
The type of phase plate always used here is the phase mirror [4] orientated at the 
Brewster’s angle iz, either of the a type, where the central zone is a glass surface and 
the peripheral zones are of metal coated on the glass, or of the b type, having the 
inverse pattern [5]. The dimensions of the zones will always be given as the projec- 
tions onto the plane perpendicular to the ray, and are thus reduced from those on 
the mirror in the proportion cos ip. 

Let us introduce the following notation: 


2p=the width of the A aperture of the cell in Fig. 1. 
q=the width of either of the opaque walls D. 
r=the width of either of the B apertures. 
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f = the focal length of the lens refracting the plane wave-front to its diffraction image (one 
of the two lenses forming the cell as shown in Figs. 7 and 8). 
u=the sine of the diffracting angle from the aperture, the linear ordinates on the phase 
plate being for the sake of simplicity expressed in this measure by dividing them by ile 
k=the ratio 2 n/A. 
2c=the width of the central zone of the phase plate. 
2C =the width of the whole phase plate. 
2y=an angular measure corresponding to 2c related to the diffraction geometry of the object 
plane as 2y=2ku(ptqtr)=k(pt+qtnr):2c/f. 
2 [=the analogous measure corresponding to 20. 
y =the phase advance introduced by the central zone of the phase plate, this being obviously 


2(e cos 1B — >) 
A 


42 (e cos ip — 6) 
A 


for the a mirror: y=2z (: = 


for the 6 mirror: yw 


e =the thickness of the metal layer of the phase mirror. 

5=the difference, expressed as half path difference, between the phase change at reflection 
against glass (A / 4) and against the metal, for the polarization in question. 

g=the relative amplitude reflection factor for the central zone of the phase mirror under 
the existing polarization state, i.e. the ratio between the emerging amplitudes (central 
zone : peripheral zone) when incoming amplitudes are equal. The g factors are less 
than unity for the a mirrors and larger than unity for the b mirrors. 

G=the magnification of the lens M imaging the object plane onto the image plane, its 
linear aperture being larger than 2C. 

A =amplitudes. 


The general principle of this method is that the p values, and thus by Hq. (1) the 
differences in refractive index, are determined from intensity measurements in the 
phase contrast image, and especially by measurement of the ratio of the intensities 
in the image areas corresponding to A and B. These measurements can be made in 
many different ways, depending on the precision and information required. 


3. Extended theory of phase contrast for the refractometer 


3.1. The vector representation of phase contrast 


The first approximation theory of phase contrast, first developed by ZERNIKE in 
his classical work [8] and often used to estimate the contrasts to be expected in 
microscopy, assumes that the field as a whole consists of a plane wave front, except 
for an infinitely narrow area, whose wave front is advanced by an amount gy. A 
geometric treatment (see Fig. 2) is preferred here to algebraic calculation. The ampli- 
tude of the phase advanced area is represented in the complex plane by OA, the 
total field being represented by OB. Because of the assumption that the area cor- 
responding to OA is extremely narrow, the width 2c of the central zone of the phase 
plate approximates to zero compared with the diffraction image of this area, which 
means that it falls entirely in the peripheral zone. The central zone is even so assumed 
large enough to include the whole diffraction pattern of the entire field. Further, 
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Fig. 2. Vector diagrams, a) of the first approximation theory, b) taking into account the finite 
area of central zone 2 y. 


I’ approximates to infinity. The vector OB is obviously moved to the position OB’ 
by the central zone of the phase plate. The vector difference BA, which, previously, 
starting from B, ended at A, and indicated that OA and OB had the same length, 
should now be added to OB’, retaining its direction, and so the new vector corre- 
sponding to the area with phase advance y, is OA’. As it has a larger amplitude than 
OA, its corresponding image field stands out in “‘positive’’ phase contrast, according 
to ZERNIKE’s notation. In this representation the origin of the vectors O has not 
been moved, but it is more convenient for the interpretation of the different parts of 
the images to make a transposition so as to retain the points A and B in their 
original positions on the circle, by moving the vector OB’ to the position 0jB. The 
triangle OB’A’ is now shifted to Oo BA, and the angle y enters as shown in the figure. 
The introduction of the factor g moves the new vector origin to O’, obviously in this 
case increasing the amplitude ratio O’A: O'B over the original 05 A: 06 B, a fact often 
made use of in microscopy. 


3.2. Continuous variation of ~ in the case of the refractometer field 


The assumptions for Fig. 2a would be fulfilled for the field geometry of Fig. 1 
only if p<r. In that case, the continuous increase of y as would, according to Kq. (1), 
correspond to the decrease of n, when the gas pressure in the A part of the cell is 
continuously lowered, should mean that the O’A vector stretches and contracts during 
a period, while O’B, representing the amplitude of the reference gas field, is constant. 
The intensity from the walls D would correspond to a constant amplitude of an 
amount of O’O (not drawn in Fig. 2a). It should be added that 0’ in our application 
is most often outside the circle, and the following figures are drawn accordingly. 

A point of some importance in the construction of a phase contrast refractometer 
is the choice of the dimensions p, q and r, and the related y and J”. The first two must 
be considerably smaller than r, but for technical reasons, and for some methods of 
measurement, they must not be too narrow. On the other hand, 7 must be limited, 
in particular because of spherical aberration. Thus p is a certain fraction of r. The 
first approximation theory involving these geometrical facts is shown in Fig. 3a. Here 
OA and OB still represent the vectors corresponding to the zones A and B. The O’B 
vector is constructed as in Fig. 2 when y = 0. However, when y has another value 
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Fig. 3. a) Vector diagram showing the effect of the finite value of the ratio p/r, b) Construction 
of the amplitude vectors corresponding to areas A, B, anc D for a given Q. 


Fig. 4. Amplitude curves from the construction in Fig. 3b. 


this vector must go out from the end of an average vector between A and B, weighted 
according to the widths of their respective zones, as constructed in the figure. During 
the period, the O’ point, instead of being fixed, moves in a circle uniformly with 


OA, this circle having the radius Va +g?—2g cos y, and its corresponding points 


rotated with respect to the main circle an angle tan’ [g sin p/(g cos y—1)]. In the 
construction Fig. 3b, the amplitude of the A zone, denoting the square root of its 
intensity, varies in practically the same manner as in the case of Fig. 2, but the 
intensities of the zone B and the walls D also have a slight variation. Calculation 
gives amplitude variation curves as shown in Fig. 4. These curves are of special inter- 
est for their general forms and the approximate positions of the intersection points. 


3.3. Diffraction calculation for the refractometer field 


In order to take the theory further, the diffraction patterns corresponding to the 
object field must be calculated, and their interception by the phase plate investigated. 
Similar calculations have been necessary in other optical problems. Lorp RAYLEIGH 
[6] treated the theory of Foucault’s knife edge test, indicating the main points of 
the mathematics of this one-dimensional field, and Durrizvx et al. [7] have made 
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use of the same types of functions in order to corrolate their observations on diffrac- 
tions from rectangular apertures. For phase contrast, ZERNIKE [8], FRaNcON [9], 
and Bennett et al. [10], have made diffraction calculations, but they were specific- 
ally interested in microscopy, and made corresponding assumptions. WOLTER [11] 
and ScuustTerR [12] have, although with the same aim of microscopic interpretation, 
treated the one-dimensional case of one single phase-differing strip with special 
assumptions more in detail. In the present investigation it was necessary to make 
an exact calculation of the diffraction figure for the geometry of Fig. 1, anda semi- 
quantitative treatment of the mathematical procedure leading from the diffraction 
figure to the final phase contrast image. 

The amplitudes in the diffraction figure from a rectangular opening filled with 
monochromatic light of the real or complex amplitude of F(a) with variation only 
in the x direction, may be found by integration of the function 


J agin ee 


F (2) e ( 4 ) dxz=F (z) ei(—wttkuaz) dy, 


We consider that in this case F(x) has a constant modulus for A and B, which is 
normalized to 9/2 for unit area (no amplitude contrast), and zero for the wall and sur- 
rounding parts; and further that the argument of F(z) is zero for the B region and 
for the A region. Thus F(z) is either 9/2 or ge'?/2. Omitting the periodic part and 
incorporating y, if present, in the angle function due to the diffraction path differ- 
ences, the integrand can be written 


(0/2) coskuada, or (0/2) cos (kux+q) dz. 


For one rectangular opening with the width 2a, the integration leads to the well- 
known diffraction figure 
+a +a 
0 sin kuax sin kua 
u)== | coskuadzr= ——— = ao ———_ 
g (w) a os kuxda o/ nee ae (3) 


—a 0 


which is shown in Fig. 5. For the special geometry of Fig. 1 the solution is: 


Pp p+aqt+r 
au) 2 | cos (eur+g)de+28 | cos kuada= 
=?) pt+q 


sin Kup: cosy sin ku(p+q+r)—sin ku(p+q) 

Eu @ En pes 
As p and q are smaller than 7, it is of advantage to group together the terms which 
include them only; further, we prefer the complex form: 


9(U)= 0p [sin kup-e'?—sinku (p + q)] ane 


) 


Here the first term refers to the part of the diffraction pattern which is due to the 


narrow portions, and the second term represents the diffraction fringes due to the 
whole aperture. 


sinku(pt+q+r). (5) 
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p=<2e sin® 


= kau 


Fig. 5. Airy curve of amplitudes for a single slit, or for either term of Eq. (4). 


After having given the values for the experimental case, we will come back to 
the interpretation of these diffraction amplitude equations. 

Passing over from the linear units f-wu to the angular units B=ku(p+q+7r), 
we now see that the diffraction figure is cut symmetrically by the phase plate in 
(—y, +y). The periodic factor being the same for all terms in Eq. (4) and (5), the 
amplitudes for an entire zone of w can be found by direct integration, and the 
corresponding intensities by integration of the corresponding squares. 

In order to find the corrections to the first approximation theory, the resulting 
amplitudes are calculated, assuming a distribution following the law sin 8/f, for the 
light falling within the central zone, which shifts the phase by y, and within the 
peripheral zone, which introduces no shift. The amplitudes are, accordingly, 


in the central zone, and in the peripheral zone, 
re I'(=o) 
A= | Pap=Sily), Ay= | =F ap=8i(c0)—Sily). (6) 
0 tie 


As will be shown in the following, J’ approximates to infinity for all the cases dealt 
with here, and for the sake of simplicity we will already assume this. 

In practice, y is dimensioned so as to correspond to a few turns of f, 1.e. the angle 
in the last term of Eq. (5), so as to include the major part of its light. This angular 
y value corresponding to the total B aperture can for easier remembrance be de- 
noted yp=k(p +q+r)u. Ifall the light belonging to this aperture were incorporated, 
as assumed in the first approximation theory, A, would be Si (co), which corresponds 
to the unit radius of the circle of Fig. 2a. This should instead be Si (yz), and thus 
Si(yz)/Si(co) should be substituted for the unit radius. The points B and B’ of Fig. 
1 should therefore be displaced in the following way. Its radius is stretched in the 
said ratio, if Si(yg) is supposed > S8i(co), as in Fig. 2b. The peripheral part A, of 
the amplitude, normalized to [1 — Si(yz)/Si(co)], and thus negative, is not shifted in 
phase, and this component should retain its horizontal direction on constructing the 
Bo point. Considering that the phase-shifted part, Si(yz)/Si(co), is also reduced in 
the ratio g, the final position of the point B’ is that indicated. By the same procedure 
as with Fig. 2a, we find that the final O’ point, (AO’ being vectorially equal to A’O) 
should lie displaced to a new position which has the rectangular coordinates 
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la —g cos py) = a —g sin yp x va) : 


We find that when yz is put =0°, as assumed in the first-approximation theory, O’ 
is in the position shown in Fig. 2a, and when yg =0, there being then no central 
zone or phase contrast, its position is the centre O. ; 

For the object zone differing in phase, which is represented by point A in 
Fig. 2a and corresponds to the first term of the diffraction amplitude in Kq. (5), 
the application of Eq. (6) means that, as its major part falls in the peripheral zone, 
ya =py/(p+q+r) is only a small part of the period, the expression for the unit 
radius, [Si(co) — Si(y4)]/Si(co) = 1 — Si(ya)/Si(ce), is close to unity. If different 
from unity, it means a change in circle radius which also affects the relative 
position of O’ with respect to the A points. 


3.4. Diffraction effects in the phase contrast image 


The preceding treatment is of use when dimensioning 7, q, r, c and C in respect 
to each other, and the aim is to suppress the corrections as far as necessary for the 
measuring technique chosen. The displacements of the O’ point do not only change 
the resulting amplitudes. A more important point is that this geometrical effect 
influences the distribution of intensity inside the zones of the phase contrast image, 
giving rise to a pattern similar to diffraction fringes. As these could be serious for 
quantitative work of the sort considered here, their main characteristics will be 
examined. 

The intensity distribution of the phase contrast image is calculated by integra- 
tion from the diffraction pattern equation (5) multiplied with the wave propaga- 
tion factor, taking the phase shift y and the factor g within the central zone into 
account. If, in (5), the variable wu is changed to B=k(p+q+7r) wu, its both terms are 
written in concentration 


a(B) =e: Gs (2 — Big) +0(p+r)-Gu (2=* 9) (6) 


Denoting the image coordinate xz’=/’-v where f’ is the focal length of lens M 
and v the sine of the angle (corresponding to u), the image amplitude function is 


[k’=f/(p+q+r)] 


‘4 Y 
F’ (v) =gop{ Ga (6, 7) veh Bd B+ go (p+r) | Gp (B) ev eth 0B gd B+ 
: 0 


I'=00 T=00 


top] G4(B,g)e*"dB+o (ptr) [Gn (Bye**dB (7) 


ig 


Here, the fourth and first terms are small if dimensions properly chosen, and 
correspond to the corrections dealt with in 3.3. 

The calculations involved in (7) would be tedious, even when faciliated by the 
use of a mechanical Fourier analyzer. They are not either necessary as in this case 


a semi-quantitative procedure gives the necessary information. The two effects to 
be considered are the following. 
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Fig. 6. Schematic intensity distribution curves for certain values of — and 0’, a) according to the 


first approximation theory, b) modification by diffraction (3.4a), c) modification by diffraction 
(3.4b), maxima mentioned in the text spaced approximately as for the present apparatus. 


a) The approximate realization of condition J" =o gives rise to a type of diffraction 
ordinarily known in imagery. Let Fig. 6a give the first-approximation distribution; 
then Fig. 6b indicates the diffraction fringes causing the borders to be not quite 
sharp and the intensity in their vicinity to show a slight variation. The fringe system 
is the same as the Fresnel diffractions due to the total aperture 2 C, and the border 
effects rapidly decrease with increased C’. There is no difficulty in dimensioning the 
phase mirror so as to make this effect negligible. Cf. still 6.2. 

b) The finite width of the central zone of the phase mirror introduces a non- 
uniform illumination of the field. If y is appropriately dimensioned with respect to 
the B aperture as indicated, it is the cut-off of the central part according to the 
first term of Eq. (7) which is the most important. This effect is well known in 
phase microscopy, was pointed out by ZERNIKE and recently treated by WoLTER 
[11]. In our geometry, where y is small, the deviation from uniform illumination 
in the B field being approximately equivalent to the diffraction in the image plane 
which would be due to a single rectangular zone of linear width 2 c. The intensity 
distribution is modified as shown in Fig. 6c. The maxima or minima, here always 
brought to fall far from the A and D regions, are spaced as given from 2 c and the 
distances. Their relative intensity, obtained after amplitude additions, is a function 
‘of g and g, or, more closely, of the O’A vector length for given p, q and 7, but is 
approximately proportional to p for small values when varying this width, according 
to the function Si(p/p+q+r) B. This simple treatment gives the same result as the 
calculation (cf. Ref. [11] Fig. 10 for small b- y; in the special case dealt with there), 
and has been checked experimentally by the writer. 

The maxima shown in Fig. 6¢ or their vicinity represent the best zone of photo- 
electric measurement on the B field, a fact made use of in the experimental realization. 


3.5. Influence of lack of parallelism, spherical aberration, and optical imper- 
fections 


There is no advantage in extending the theories given under 3.3 and 3.4 in a more 
elaborate mathematical manner, as there are other effects of the same order of 
magnitude as the approximations involved in the present calculations. The assumed 
parallelism of the light wave traversing the cell is limited by the finite width of the slit, 
which cannot be too narrow if the intensity is to be adequate. A finite width modifies 
the diffraction figure of Eq. (4), which is for the narrow slit, since the rectangular 
integral should really be extended over the whole slit width. It is however of little 
importance if this is kept smaller than the (py + q +71) fringe spacing. Further, the 
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Fig. 8. Cell designed for gases, with external aperture screen. 


lens system forming the cell introduces a spherical aberration. The relative aperture 
must be chosen so small as to keep it to below the 2 y width for the major part of 
the rays traversing the B field, but even so it often modifies the outer parts of 
the image of the B zone. Considering the accuracy corresponding to very small 
phase shifts of m, which will interest us in this application, even zonal errors in the 
shapes of the lenses and imperfections in their polish will be of importance for the 
detailed intensity distribution of the phase contrast image. All these effects must be 
balanced so as to conform with the precision wanted for the measurements. 


4. Practical construction of the apparatus 


4.1. General outline 


Fig. 7 is a schematic diagram of the apparatus showing the essential parts. Two 
somewhat different types have been built so far, differing in detail and in total length, 
the first having f = 1700 mm, the second having { = 1000 mm and being correspond- 
ingly shorter. The measurements reported here have been made with the first of 
these. The units have been set up on a rigid U-section girder, and are mounted 
either directly on base-plates (parts lettered G, H, J, K, L, and M), or on sliders 
which can be moved along V-section Zeiss bars screwed to the girder. 

For routine measurements, it is convenient if all the parts behind G require as 
little adjustment as possible. In the latest type the entrance slit controls have been 
extended to a position near the microscope K. With these controls the slit can be 
_ displaced axially, for focusing, and also parallel to itself, for centering the image on 

the phase plate. 


4.2. The cell 


As emphasized in the first communication referring to apparatus of this type [1], 
it is essential in quantitative phase contrast work to introduce only the minimum of 
optical parts into the sensitive region of the system, i.e. near the object plane, as 
irregularities such as striae in the glass, zonal errors, and insufficiently smooth optical 
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Fig. 9. Mirror unit containing parts H, J, K, L, and M of Fig. 7. 


polish will cause unwanted phase shifts and thus intensity irregularities in the image, 
diminishing the accuracy of the method. The cell has, consequently, been constructed 
so that its walls are at the same time lenses. The material under test is contained in 
the plane-parallel space between two equal plano-convex lenses. Fig. 8 gives a photo- 
graph of the cell. The central part of the cell has been made of various materials, 
including brass, nickel-plated steel and hard-chromium-plated steel. The most crit- 
ical part of the construction is to make the walls D between the A and B cells tight. 
Several successful methods have been used. If the cell is intended only for gases, it 
is easiest to use a cement, but if it is also to be used for liquids of different kinds, 
which dissolve the cement to a degree sufficient to spoil the great precision aimed at, 
it is better to rely on optical or capillary contact between the plane faces and the 
walls D, which are at least 1 mm thick. 

Part A of the cell is about 20 mm long in the horizontal direction. Narrow channels 
of small volume lead to this part, the details of the construction depending on the 
material used. In the case where t= 10 mm, and 2 p =1.5 mm, the volume of the 
cell is 0.3 ml not including the channels, and about 0.5 ml of liquid is required to 
fill the cell and channels. 

The two symmetrical parts of part B of the cell are connected by channels passing 
round the ends of the A cell, the top and bottom portions being shaped so as to 
make it possible to empty out a liquid without removing the cell. For use with gases, 
the connections to cells A and B are made with rubber-gasketed nipples as shown 
in Fig. 8. 

When in use, the part of the aperture inside the rectangular geometry shown in Fig. 
1 is defined by a mask. It is often of advantage to define qg (and at the same time p) 
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Fig. 10. Lamp and monochromator unit. 


by masking carefully outside the cell with strips some tenths of a millimeter larger 
than the portions D defined by the cell itself, as such borders are smoother. 

The lenses are manufactured by Svenska Aktiebolaget Gasaccumulator (AGA). 
They are cut from blocks of specially selected glass which is free from striae and 
irregularities, and are very carefully polished. Some difference between different 
lenses is however noticeable, due to zonal errors. 

Appropriate adjustment devices are incorporated in the mounting of the cell 
system, as shown in Fig. 11. 


4.3. Phase mirror system 


Several different constructions have been used, the first of which, incorporating ad- 
justment screws for turning and displacing, was of special value for the tests described 
below. The latest construction, shown in Fig. 9, is simpler, since all adjustment is 
transferred to the entrance slit. The mirrors H and J are rectangular in shape with a 
width considerably larger than necessary, i.e. the slit length, but the unit is provided 
with three interchangeable phase mirrors H,, H,, and H;. EKither of them can be 
placed in the central position by means of the slide, which is rigidly constructed in 
order not to disturb the calibration even if a mirror is changed (see 5.4). The micro- 
scope K, which is used to centre the slit image in H, is fixed, but the tilted mirror L 
‘may be moved downwards out of the optical path when it is not required. The lens 
M is part of this system. 


4.4. Lamp, monochromator and entrance slit 


A mercury lamp, BTH 250, has been used as source. For the applications hitherto 
studied it has been no disadvantage that this is a high-pressure lamp. The green 
line 5461 A was ordinarily used, and it is isolated by the monochromator sketched in 
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Fig. 7, which consists of a plane grating 25 x 25 mm? with a good “blaze” in the first 
order of reflexion. The next unit D is a beam-turner, built in this laboratory, con- 
sisting of three mirrors, which serves to turn the image of the light column from 
vertical to horizontal, to suit the entrance slit direction. This mirror turner has the 
advantage that it has less light loss than a Dove or similar prism. ; 

The entrance slit, which is mounted in a holder having micrometer adjustment in 
the vertical direction, consists of a uniform slit in an aluminium layer. 


4.5. Receiving units, optical devices 


The plane of the phase contrast image is indicated in Fig. 7. For general use, a 
screen P containing two parallel slits is placed in this plane. Their width and distance 
is chosen so that one covers most but not all of the A zone, while the other covers a 
selected region of the B zone. Alternatively, the second can be set in the D zone. 
Behind the screen the light from the two parts of the image is parted by an aluminized 
rectangular prism, throwing the pencils through lenses onto two photomultiplier 
tubes (RCA 931-A). They are well centered in housings whose openings are covered 
by diffusing screens. The power supply is described in another paper [13]. The re- 
ceiving unit may be displaced sideways, making it possible to adjust the unit by 
studying the image with the microscope S. As will be described in more detail in 6.2., 
a direct visual measurement of intensities is often of advantage, and in this case 
screens, prisms, lenses etc. can be inserted in or before the image plane in order to 
obtain the desired field of view. 


4.6. Ratio measuring unit 


The aim of the method is to utilize the variation of intensity in the A zone ac- 
cording to the squares of the curves shown in Fig. 4, especially those portions where 
they are linear and steep, in order to determine the @ value. Of course it is of great 
advantage to use two phototubes, the second of which preferably measures the in- 
tensity in B, thereby measuring the ratio between the intensities, as this eliminates 
the influence of fluctuations of the lamp flux. In the beginning, several curves were 
taken for A and B separately in order to verify the vector diagram etc., but for the 
precision measurements the bridge circuit shown diagrammatically in Fig. 12 was 
always used. The currents from the A and B phototubes are brought through two 
potentiometers, whose sliders are regulated so as to make the current through the 
galvanometer zero. The one to the right, which has good linearity between its setting 
and its scale reading (0-300), is used for the measurement, after the left-hand one, 
of 25 kilohms, has been set to choose a proper range of the former. The two dry cells 
are inserted in the unit in order to compensate the dark current in the phototubes 
(switch in outer positions); these were always constant within the accuracy of the 
measurements. The galvanometer, which is thus always used as a null instrument, 
has a sensitivity of 2.6-10-1° A per mm displacement; the currents were of the 
order of microamperes. 

The combination of two phototubes compensates for incoming fluctuations when 
they are coupled to measure the ratio of the fluxes, but there remains as disadvan- 
tage that the change of sensitivity with time is always more or less different for the 
two tubes. This effect appears here as a change of ordinate height in the A/B curves 
with time, and necessitates special precautions. For this application and many other 
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Fig. 12. Circuit of the ratio measuring unit. 


similar measurements, such as on gradients of intensity, a ratio measuring device with 
only one tube switched between the different fluxes would be useful. Such a unit is 
under construction by Mr. Erik DsuR1z of this laboratory. 


4.7. Double slit arrangement as a period scale 


The determination of y from intensity measurements using A/B curves of the sort 
shown in Fig. 4 requires the determination of the number of whole periods, 2 7, 
entering into the phase difference. Often this number is known from an approximate 
knowledge of the refraction difference, as for solutions referred to the solvent or for 
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a gas referred to a reference gas. In other cases, the number of whole periods in @ 
can be counted as the number of light fluctutations when the unknown gas is let 
into cell A instead the reference gas, which filled the cell before, and which the test 
as displaces. a 
‘ A eee method of finding this number is, however, to place a double slit in front of 
the cell, so that one slit is in front of part A while the other is in front of part B. The 
fringes of this Young’s experiment may easily be seen witha microscope. The light 
should be either white (zero order monochromator spectrum) or consist of the whole 
spectrum of mercury in order to identify the zero order fringe. This simple arrange- 
ment is attached to the apparatus as shown in Fig. 7b. As is well known, the displace- 
ment of the fringe system is linear with gy, every period @ /27 corresponding to a 
fringe distance. The ocular micrometer of the microscope V, focused on a certain 
plane U, reads the displacement of the zero order fringe from its position for p=0, 
or, as was arranged in another device developed at this laboratory [14], an ocular 
scale is graduated directly in periods. Any of these two arrangements will give 
g/27 within one tenth of a unit, which is quite satisfactory. The double slit and the 
deviation mirror in front of the microscope are turned away during the phase con- 
trast measurements. 


5. Accuracy, tests and evaluations 


5.1. Choice of constants 


Some of the constants, such as those related to the phase plate, are critical, while 
others are not. The following list collects those data which have been used in the 
previous measurements and in those reported in this paper. When two or more are 
given, they relate to different devices. 


Focal length of either of the cell lenses f = 1700 mm, 1000 mm. 
Focal length of imaging lens M = 300 mm. 
Cell apertures: 2 p = 1.40 mm, gq = 1.25 mm, r = 17 mm, horizontal length = 17.5 mm. 
Entrance slit, length 4.5 mm, width 25 microns, 18 microns. 
Phase mirror dimensions, overall or masked portion; projection (Section 2) 
entire plate: 2 C = 21.0 mm, 18.0 mm 
central zone: 2c = 64 microns, 50 microns 
horizontal length = 14 mm, 10 mm. 
Magnification of lens M, G = 0.20 
Widths of exit slits to the phototubes (see 4.5.) = 0.15 mm. 


The desired position of the O’ vector origin is determined from the coordinates py 
and g. The angle y through which the phase is turned depends mainly on the thickness 
e of the mirror plate, according to Eq. (2), but also somewhat on the polarization 
direction (for 6). The amplitude reduction factor g may be found from the reflectivity 
ratio glass/metal and the polarization direction, by means of Fresnel’s formulae. 

The determination of these parameters so as to obtain a desired O’ position is 
not critical, as it is not used for evaluation. Going back to the schematic Fig. 4, 
we see that the best relation between @ and the intensity in A (or, the intensity ratio 
A/B, which has about the same general shape, since B varies only slightly) for 
measuring purposes are those portions where the curve descends or increases, espe- 
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Fig. 13. a) Vector diagram of the three mirror system, the mirrors 1 and 2 being of b type, the 
mirror 3 of a type. b) General shapes of corresponding intensity curves. 


cially where the intensity curves are approximately straight lines. Obviously there are 
portions to be avoided, namely those at the maxima and minima. 

These arguments indicate where in the vector plane one should place the O’ points. 
A graphical treatment leads to the conclusion that these points should most conveniently 
lie outside the circle, but not much further than the radius of the unit circle. This 
often leads to the use of b mirrors which have sufficiently large g factors. In order to 
obtain equally precise measuring conditions over the whole period, it is of value 
to have two or preferably three interchangeable mirrors with different O’ in the 
apparatus; these are also incorporated in the construction (Section 4.3). Three 
equally spaced positions of O’ and the corresponding A/B curves to arbitrary 
scales are given in Fig. 13. 

The preparation of a phase mirror for a desired wy is made by controlled evapora- 
tion in vacuo. The precision obtained has been reported in a previous paper [13]. 
For the quantitative discussion of the contrasts it can be assumed to a close 
approximation that the edge of the central zone is infinitely sharp, and of uniform 
width and height (e). The polaroid used for varying g is of type HN 32, its oscillation 
direction being determined to within 0.5 degrees. 


5.2. Photoelectric tests of the perfectness of optics etc. 


The appearance of the diffraction figure when viewed by the microscope indicates 
that it is very perfect. The central image, which is the central lobe representing the 
second term of Eq. (5), stands out very brightly, and it must be dulled for the adjust- 
ment by inserting a second nearly crossed polaroid. It is, however, of great interest 
to scan it with a phototube device, and several photographs were also taken, with 
varied dimensions p and q (with lenses, without the central cell), as well as with 
varied y in the apparatus. Fig. 14 reproduces a graph of this type, selected only to 
show the appearance. These curves correspond in detail to what is expected from Kq. (5) 
when the constants p, g and r are inserted. The finest visible fluctuations, of spacing 
49 microns, are the period for the r (or B) apertures, these having twice the period 
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Fig. 14. Record of diffraction fringes corresponding to pm =0. 


for the total field 2 (p +q +1) because of the symmetrical obstruction by the walls 
D. The first term in Kq. (5) gives rise to the slow variations of intensity, which may 
be interpreted as “beats” with a frequency of kug. The distance measurable on Fig. 
14 between the marked maxima, 740 microns, thus corresponds to the wall thick- 
ness q within the accuracy of a few per cent. In photographs of the patterns for the 
whole unobstructed aperture the fringes of spacing 25 microns are still visible, 
although of the same order as the slit width. By photographing with varied time of 
exposure, the whole diffraction field out to the borders of the phase contrast plate 
has been measured and checked with the theory given in 3.3. The range of intensities 
concerned is 108, 

When ¢ is changed, by lowering or increasing the air pressure in cell A, the slow- 
variation fringes change their positions as may be calculated from Kq. (5) by con- 
sidering the phase shift p of one of the terms. The intensity image is symmetrical in Q. 

This detailed study is of importance not for the analysis itself, but because of the 
information it gives about possible irregularities in the slits and optical elements. 
Some parts of the slit may be obstructed by dust, but this has no influence. Further, 
in some lenses, but not on those used, a “ghost line”? may be seen near the central 
line, due to a zonal error. There is a reflection from the surface of the lenses, which 
appears at the interrupted part of Fig. 14 at one side; this is of no importance for 
the measurement as it does not enter into the phase contrast. 

Another photoelectric test which is of still greater interest is the scanning of the 
phase contrast image. It gives, although with reduced fidelity compared to the main 
measurements on account of lamp variation, the field intensities. Fig. 15 represents 
a series of curves taken during a test, the variable being ¢, here expressed in air over- 
pressure in A. Besides verifying the general theory outlined above, these curves give 
information about disturbances due to diffraction and optical irregularities. 
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Recorded intensit 


x 


Fig. 15. Photoelectric image scannings with varied; the values y and g are different from those 
used for later measurements. 


5.3. Influence of non-uniformity and of inexact adjustment 


Any non-uniformity in the optics is revealed by scannings of the type described 
above. It integrates along all the slit, which is one of the advantages of the linear 
geometry. As a general rule it may be said that random irregularities in the intensity 
distribution are below 1 per cent of the average intensity. This does not at all mean 
that the measuring methods are subject to errors of this magnitude, as they are 
made with large zones, the same for all the measurements. 

This applies also to the diffractions dealt with in 3.4. As they are due to the finite 
size of the phase plate, their maximum influence can be calculated. The ‘‘fine’”’ 
diffractions at the image border e.g. between the A and D zones, are, at the place of the 
best focus, about or less than one per cent of the average intensity. The measured 

scanning curves confirm this; these fluctuations can hardly by distinguished from 
random variations. As seen from curves such as those in Fig. 15, the lack of uni- 
formity in the B zone may be considerable, 20 per cent being calculated in this 
case. This effect combines with the spherical aberration. It is, as well known, several 
times larger in the arrangement of the two lenses with their plane sides facing one 
another, for forming the cell, than for the lenses turned, which is preferred for other 
measurements. The x ordinate corresponding to the rays just cutting the edge of the 
central zone is here, for the optimal focusing considering the entire ray pencil, about 
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Fig. 16. Photoelectric evaluation curve of A/B, air, the lower curve for a whole period, the upper 
curve a section used for measurement, to a larger scale. The thickness of the upper curve corre- 
sponds to about 2/3 of the estimated maximum error of a carefully-made measurement (see 6.1.). 


15 mm, this explaining the variation. For the measurements, the phenomenon is of 
no importance except that it suggests that the zone in the B region should be taken 
in a portion where the curve is fairly flat, as this will make it easier to achieve 
reproducibility after making readjustments. 

A question of great importance is the following: What is the tolerance on the 
positioning of the centre of the diffraction fringe in the centre of the central zone? 
This applies to the rigidity of the apparatus, but also to the possibility of judging the 
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symmetry of the positioning by eye when making adjustments. An error means that 
the diffraction pattern is cut unsymmetrically by the slit. 

The changes in intensity in the two zones can be calculated from the diffraction 
integrals (7), introducing the ordinates of the cut (+ y ++) and (—y +x) instead of 
symmetrical y, x being a small quantity compared to y, a fifth at the most. However, 
the results cannot generally be given in comprehensive formulae, even when approxi- 
mations are made, on account of the fluctuations of the functions Si and Ci entering 
into them. It is simpler to check these effects experimentally, which has been done 
for different y values but only for one phase plate having a certain c of 32 microns. 
A displacement of x corresponding to 6 microns gave on the average a displacement 
in the reading for A/B of about 2 per cent, which is about five times the average 
deviations of the readings. A displacement of only 3 microns gives reading deviations 
not exceeding the average deviations of one reading. Thus 3 microns or 1/10 of the 
zone width can be tolerated. A test series of the accuracy with which the symmet- 
rical position could be reproduced when re-adjusting gave 1 micron, or 1/30 of the 
zone width, as the average deviation. Thus, the same calibration curve is still valid 
if interchangeable mirrors can be re-set with an accuracy of 3 microns, which is not 
difficult to achieve. 


5.4. Evaluation curves and their accuracy 


In Fig. 16 a typical evaluation curve for ordinary air is reproduced. The data of 
the phase mirror were, y = 105° and g = 2.0. The pressure of the air in the A cell is 
varied, and measured with an accuracy of 0.1 mm Hg with respect to the normal air, 
cell B being open to the atmosphere. The technique and details of these measure- 
ments have been described by Mr. Lars JoHANSSON and the present writer [15]. 
We find that the straight portions of the curve are very suitable for measurement, 
and in order to give an idea of the deviations of the observations one part of an 
approximately straight part of the curve is shown on a larger scale. 


6. Determination of the refractive index of oxygen relative to air 


6.1. Photoelectric determination 


By means of a measuring technique described in detail in the paper quoted [15], 
check determinations of the refractive index of oxygen were made. As reference sub- 
stance, filling the B cell, dry air free from carbon dioxide was used, the oxygen 
being obtained from a cylinder of the kind used for gas welding, and was thus of 
unknown purity: this was of no importance, as the purpose of the experiment was 
only to examine the accuracy with which the refractive index could be measured by 
two different procedures. On account of the time variation of the A/B sensitivity 
a full measurement had to be performed with at least three series of readings: cali- 
bration, measurement, calibration. Fig. 17 reproduces on small scale three curves 
taken up consecutively, given here as samples: 
oxygen, pressure varied (Oxygen 1) 
air, pressure varied (Air) reference cell: barometric air. 
oxygen, pressure varied (Oxygen 2) 

Check tests showed that the decrease in the ordinates of the curves was continuous 


and linear with time, and that on changing the phototubes the readings increased, 
which proves that the effect is electrical and not due to other unforeseen influences. 
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Oxygen 2 


20 40 60 mm Hg 


Fig. 17. Curves for measurements on oxygen (see 6.1.). The arrows give the positions of the 
visual measurements (6.2.). 


In order to use these curves most efficiently, and at the same time to estimate the 
accuracy of the method, several points are taken on the portion sufficiently far from 
the maximum and minimum: Let ny be the known refractive index of air at 20°C, 
760 mm Hg, and call the refractivity wy =ny—1. Denote the unknown index of 
oxygen analogously but with X instead of NV. B is the barometric pressure, and p the 
over-pressure. Let the temperature excess over 20° be denoted by ?. On account of 
the proportionality of « to the density, for a given gas, Eq. (1) may be written as 


27 293 
= fe INT — ao i 
P= 7, 934 0)- 760 Bux (B+ px) ux] 


Assume that the same @ (i.e. the same A/B) corresponds to the over-pressure py for 
air (on the curve marked “‘air”) and the over-pressure px for oxygen (average of 
curves | and 2). This gives 


Buy —(B+ py) un = Buy — (B+ px) ux, (8) 

and the excess “x— pn is 
<i fa pe Cm _ Ux , 
px b= (> re ps] (8’) 


the expression in parentheses being the horizontal distance between the curves in 
Fig. 17, the part to the right of the zero axis being reduced to the “air period scale” 
by multiplication with the factor wx/uy, which is always known to a sufficiently close 
approximation. The calculations from the original curves are collected in Table 1. 
As the temperature was constant within 0.2 degrees during the run, no correction was 
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Table Lt 


Readings on original curves, as shown in Fig. 17 
Barometric pressure 764.1 mm Hg, corrected to 0° C 


Average 
Oxygen 1)/(Air (= py)| Oxygen 2|of Oxygen| Mx ae 4 
A/B 92.5° OC 22.3° Cc 99.5° ro) l and 2 7 PX ON mae aay Ot EPG | A ( ) | 
od N My 
(ane Px) 
190 + 41.6 —19°2 + 36.8 + 39.2 35.2 — 55.4 0.2 
180 + 44.3 — 16.8 sae) + 42.1 38.8 — 55.6 0 
170 + 46.7 — 14.1 + 43.1 + 44.9 41.4 — 55.5 0.1 
160 + 49.2 = ik) + 46.2 + 47.7 44.0 — 55.5 0.1 
150 + 52.1 = Ge + 49.5 + 50.8 46.9 = 55.7 0.1 
140 + 55.0 == (aha) + 52.7 + 53.8 49.6 OO ai 0.1 
130 + Oe — 3.4 + 55.9 + 56.9 52.5 — 55.9 0.3 
120 + 60.8 = 058} + 59.0 + 59.9 55.3 — 55.6 0 
110 + 63.6 + 2.4 + 62.0 + 62.8 57.9 — 55.5 0.1 
100 + 66.5 + 5.4 + 65.8 + 66.2 61.1 — 55.7 0.1 
90 + 69.3 + 8.3 ant + 69.2 63.8 — 55.5 0.1 
— 55.60 
corrected to 0° C—55.40 mm Hg 
corrected for better #y—55.62 mm Hg 


made for this change. For jy, the value of Barrett and Sears [16] for 5461 A was 
used, 273.10 - 10-8. For oxygen the value 252 - 10-* was assumed. 

The difference wx — ww is calculated to be — 19.88 - 10-*, and thus wx is found to 
be 253.22 - 10-8. 

The accuracy of the pressure difference readings was about 0.1 mm Hg. The re- 
sulting error in yx is below 4 units in 10° on account of the optical method. The 
absence of “‘drift’’ in the pressure readings indicates that there exists no residual 
error on account of the use of two cells, and further checks confirm this. The indi- 
dual pressure measurements are not quite certain to within 0.1 mm Hg, but regarded 
statistically the given limit of error is pessimistic, and is in fact the maximum error. 
As the period (py = 2 7) here corresponds to about 155 mm of mercury, the precision 
is better than 1/1000 of a period. 

The temperature difference constancy between the gas examined and the reference 
gas must be good in order to maintain this great precision. In this respect the con- 
struction is very favourable, since the cell A is surrounded by the cell B bordering to 
it with relatively thin walls C, these arrangements rendering good heat contact. The 
thick glass lenses bordering to the cells in the other direction have a considerable 
heat capacity. 


6.2. Visual determination 


It is of interest to examine what precision can be reached by only visual com- 
parisons of intensity. There are many ways in which such comparisons may be made, 
all of them of course requiring a judgement of the equality of illumination of two 
areas, arranged to be in contact with each other. Prism arrangements and maskings 
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; S 

: aL 

Fig. 18. Field of view in microscope S for visual measurements, a) as now used, b) preferable 
orientation. 


Over-pressure 


Fig. 19. Procedure for the visual measurements in 6.2. 


may thus be used to place one part of zone A and one part of zone B together, and by 
means of polaroids or grey wedges etc. one of these intensities may be reduced in a 
measurable way. 

The simplest way of making a comparison is in fact that indicated by the writer 
in a preliminary note [3], namely, to utilize those points where the A intensity equals 
the intensity of the two walls D. If this simple method is used it is only applicable 
to gases and entails the regulation of the pressure of the gas in cell A until this 
condition is fulfilled. From the diagram in Fig. 4 it is evident how these points will 
lie, and their real positions for the actual phase mirror are indicated by arrows in 
Fig. 17. Evidently they are favourable, being situated on a part of the curve having 
great slope, thus ensuring that the procedure has great sensitivity. 

A test determination was made for the same gas as that measured photoelectric- 
ally. The reference part of the cell was kept filled with dry air free from carbon di- 
oxide, and part A was alternately filled with the oxygen and the reference gas. Through- 
out these measurements the observer (E. I.) was able to regulate the pressure by 
means of a special arrangement while estimating the equal illumination of the A and 
D parts of the image in the microscope. The manometer was read by a second observer 
(L. J.). The appearance of the microscope field was as shown in fig. 18a, the propor- 
tions being as shown in the figure. The masking of the image outside the A and D 
portions in order to exclude all extraneous light helps the observer to concentrate on 
the measurement. When the A and D zones are of equal intensity they are separated 
only by a narrow diffraction fringe standing out some tenths of a per cent brighter 
than the rest of the field. Even though this quality of the borders is inferior to 
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Table 2 


Visual determination. _ Averages of readings shown in Fig. 19. The figures in 
italics are the pressures reduced to 0° C. 
pp ee et ln i a a 


Ny Ne Xe X3 T B 
mm Hg mm Hg emP | mm Hg 
#139.7 14.8 2 So OGRA 
; Diese ‘ 
+ 43.6 123.1 22.3" 
hoy yeaa 21:6 
a 26 
+ 140.0 14.1 21.4° 753.7 
pale 
+43.2 —123.9 215° 
ih 21d 
+ 139.6 14,1 21.3° 753.4 
Average +139.8 -—14.38 | +43.4 -—123.5 Al aye 753.7 
SUITES SEES SB a Beta 751.1 


N,—-N.=154.1 153.6 mm Hg (0°) 
X,—X_,=166.9 166.3 mm Hg (0°) 


that in a Lummer-Brodhun photometer, the readings are astonishingly reproducible. 
A vertical orientation of the areas, as shown in Fig. 18b, would allow better use to 
be made of known physiological properties of the eye; the horizontal cell geometry 
has however been retained, because it is more convenient when working with liquids. 

Two equally situated points on adjacent periods were read, denoted and situated 
as shown in Fig. 19. A setting was repeated 9 times (3 x 3), and only the averages 
of such series are collected in Table 2. The average of the absolute deviations from 
the mean values of the readings was 0.7 mm Hg [15]. 

The application of Eq. (8) to this determination gives the relations 


ie. BT No B+N, ( 3) 


un B+X, B+2X,—X;\ X.—-X; 


-the last relation being of inferior precision. With the value quoted above for uw, the 
refractivity of the oxygen is wx = 253.4, 253.1, (252.3), or in average 253.2 - 10°. 
- From the average deviations of the values of Table 2, the maximum error of an av- 
erage of pressure may be taken as 0.3 mm Hg, and of either of the numerators or 
denominators of the last equation, 0.5 mm Hg. This means a maximum error in ux 
Bier 0:2 - 10-*. 

The refractivity of the oxygen examined for 5461 A light, and normalized to 20°C, 
760 mm Hg, was thus found to be (maximum errors given) 
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w=n—1=(253.22+0.04)-10~° photoelectrically, 
= (253.2 +0.2 )-10-° visually. 


The conformity is thus better than expected. The oxygen sample was not pure 
(containing helium etc.), so no comparisons with previous measurements can be 
made. Compare the further material given in Ref. [15]. 


7. Procedures of measuring refractive indices of gases and liquids 


7.1. Absolute determination for a gas or for a solution 


Hitherto we have eliminated the cell thickness ¢ as unnecessary for these relative 
measurements. However, several other measurements become possible if ¢ be known 
with sufficient accuracy. Let us, provisionally, take the absolute error of the method 
to be that found in 6.1 and 6.2, where the maximum errors, counting in periods, 


were d () = 0.6 - 10-3, measuring photoelectrically, or five times this if the visual 


27 
method was used. ; 

From Eq. (1), and for the moment not considering errors in ¢, we find that the 
maximum absolute error of the refractive index difference is 


A 
dim —r)= Aun ~ ua) =4a(L), 


47t 


which gives, for a cell of ¢= 10 mm as used here, d(n, — ny) = 4+ 10-8. It is possible 
to use a cell with larger ¢, and successful experiments have been performed with a 
geometric arrangement corresponding to t= 100 mm. There is no serious limitation 
to ¢ from the optical point of view, as the light is parallel within the cell and so every 
section in the cell corresponds to the same image plane. The limitation probably lies 
in temperature constancy if the cell is lengthened as proposed. This cell of 100 mm 
would certainly give less than 1 - 10-8 as the maximum error. It is also planned to 
build an apparatus using reflection, so that the light passes twice through the cell, 
being reflected from a plane mirror instead of passing through the second lens. This 
arrangement has advantages, but it presents some technical problems which are not 
yet solved. 

If a cell is to be used for absolute measurements, its t must be known with a rela- 
tive accuracy equal to or better than the index difference, i.e. dt/t must be less than 
d (tty — fz) /(My — tg). Large differences demand the greatest precision in ¢, and if this 
corresponds to 20 periods, the ratio will be dt/t< 5+ 10-5, or fora 10mm cell, dt <0.5 
microns. This may be achieved without difficulty in the following way. Two sym- 
metrically situated parts of the cells, namely, below and above the borders of the B 
portions, are spaced by means of two equal C. E. Johansson end gauges, the precision 
of which is about 10 times that required here. The cell assembly is then cemented 
together so that the end gauges are in optical contact with the plane glass surfaces of 
the lenses. The value of ¢ is then known from the calibration of the gauges, corrected, 
if necessary, for lack of optical contact. 

In determining the refractive index of a gas absolutely, both B and A are filled 
with the gas, and a series of measurements made at different pressures in A. The 
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under-pressure can be reduced until vacuum is reached. It is of advantage to use the 
method of measuring on whole periods, the pressure being adjusted to points with 
equal A/B ratio in a series of consecutive periods. It should be pointed out that 
the precision in the pressure measurements must be equally high, which probably 
demands the capacity of a laboratory for standards, and that A must in this case 
be known from standard measurements. 

The same procedure can be used for the specific refractivity of solutions, the pure 
solvent being used as reference. In this case, however, some of the relative methods 
are more convenient. 

In this connection it is necessary to consider how many whole periods may be 
included in the phase difference /2 7 without reducing the precision, which depends 
on the equality of the intensity curves and the vector diagram for the consecutive 
periods. The limitation here lies in the limited monochromacy of the spectral line. 
Its fine structure broadens with higher period differences, which means that the 
“intensity centra”’ of the rotating vectors may be slightly differently situated with 
respect to the O’ point. For the Hg line 5461, however, this effect is negligible 
up to orders about 25 when working with a medium pressure spectral lamp. To 
make quite sure, a mono-isotopic source could be used. With a cell thickness of 10 
mm, this means an upper limit of the measuring region of about 1500- 10-8 The 
total measuring region for (n —1) without special precautions is thus 


from 0.05 + 10-§ till 1500 - 10-8. 


Cells with larger ¢ divide these figures in the same proportion, and if the cells are 
chosen thinner (see Section 8), the limits are correspondingly raised. 

A general comparison with interferometric refractometers such as the Jamin and 
Rayleigh types will be given in later communications dealing with measurements. 
One main advantage of the present method in the simplicity of the adjustments 
required. When a precise knowledge of the cell thickness ¢ is not necessary, as for 
relative measurements, the two surfaces defining it, which have hitherto been as- 
sumed parallel, may in fact be inclined a considerable amount without loosing pre- 
cision. A wedge-shaped geometry in the z-direction is no disadvantage, as the wave- 
front is allowed to be refracted as a whole, when only adjusting the phase plate as here 
to correspond to the central fringe; the equivalent ¢ is that of the center of the cell 
A. The tolerance in the y-direction is also well fulfilled even with cemented parts. 


7.2. Calibration curves and relative measurements 


The measurement procedure is rather similar to those for interferometric refracto- 
meters, but some differences regarding technique and sensitivity should be mentioned. 

An apparatus which is gas-tight is preferably calibrated with dry air free from 
carbon dioxide. The pressure in cell A is kept at an over-pressure of p mm Hg with 
_ respect of that in B, which can conveniently be the barometric pressure B. Denoting 
the standard value of refractivity at 20° C and 760 mm Hg by wu, we have, ? being 
the temperature excess over 20° C, for : 


2a, 2983 
PA (293 +9) 760 


The A/B or similar curves valid for the phase mirror in question when correctly ad- 
justed (cf. 5.3), are thus related to this y as the abscissa. 


[B—(B+)] my. (9) 
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If the variation is exactly 1 period (as in 6.2) and the pressure difference between 
successive positions is P, we have 


{2% 293 


Ap (293 +9) 760 


eres 
-P-un and ba one 


a) Relative measurements for liquids 


Let A be filled with liquid 1, B with 2; y is found from calibration curves in which 
the measured value of A/B enters; if ¢ is known, Kq. (1) is preferred. Otherwise Eq. 
(9) may be combined with this to give 


__ 2a (293+ 8) 760 
? P= ux 293 


(2 — 3). 


If the difference is totally unknown, the double slit method (4.7) should be used as 
a coarse scale, and the use of two or three mirrors (5.1) may give a gain in precision. 
The specific refractivity for a solvent is determined by measurements at different 
concentrations, which can be chosen to give appropriate positions on the curves. 


b) Relative measurements for gases 


The same precision as in an absolute determination (7.1) may be achieved by 
making a measurement relative to air, the value for which is well known. Cell B is 
filled with air, and cell A with the test gas. The calculation is straight-forward, 
either the pressure being varied to give a certain point on the A/B curve, or the same 
pressure being used in both cells, and the calibration curve used. More exact deter- 
minations can be arranged as described in 6.1. 


c) Relative or absolute method for gases, using visual observation 


This procedure is based on the discussion given above in 6.2. It would often be 
sufficient to use a precision barometer of aneroid type (such as the Paulin type) on 
which 0.1 mm Hg may easily be read, provided that the range of its scale is great 
enough to cover at least one period. 

Instead of using the eye to judge equality of intensity, a photocell with two 
cathodes may be used, such as the RCA 5652. The two cathodes are coupled against 
each other through a galvanometer, which serves as a null instrument. Obviously one 
is not limited to equal intensities, as when comparing A and D by eye, and the method 
makes it possible to select an arbitrary point on the intensity curve (choosing a 
steep portion) and then to reduce the flux from either of the areas, so as to have 
always a zero reading on the galvanometer, 


8. Applications and simplifications for streaming gases and liquids and for 
immersion of transparent materials 


The need for only very small samples of the liquid to be examined is important when 
dealing with rare substances, such as isotope specimens, or some liquids of biological 
origin. It also makes it possible to examine streaming liquids continuously. The 
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writer examined some streaming liquids as the first application of this method rs 
With the present state of the apparatus it is a simple application, the liquid under 
examination being fed through the cell A at the proper speed. On a change in re- 
fractivity of the stream the corresponding part of the curve in Fig. 16 is followed. If 
this intensity fluctuation is recorded with an electric recorder of time response faster 
than the corresponding rate of change of refraction in the stream — which may in 
fact be very rapid — complete information is obtained about the change of refrac- 
tive index with time or volume. This is true for whole periods as well as for fractions 
thereof. When the liquid is so variable that it contains a great many periods per 
unit length in the cell thickness direction, the thickness ¢ can be reduced to any 
desired value greater than about 1 millimeter. It would be difficult for technical 
reasons to reduce the thickness below this value. Retaining the other dimensions of 
the present apparatus, this means that a concentration determination may be made 
with every 0.03 milliliters of liquid. 

Such fluctuations are very evident and are easily observed when a sample of a 
vapour, e.g. of some organic substance as ethyl-ether or toluene, is sucked through 
cell A, replacing the air. The method may possibly be of value in adsorptiometry. 

It may be noted that the “dark-field” method is only a special case of the phase 
contrast arrangement in which g=0. In practice, this condition may be fulfilled 
by substituting for the phase plate an opaque black strip of the same angular width 
2 y as that of the central zone of the phase plate. This method 1s inferior for making 
“accurate measurements, but it may be used for rough determinations of periods and 
large fractions of periods. 

The phase contrast method as applied here to liquids makes it possible to determine 
the refractive index and dispersion of minute glass splinters. They are suspended in 
the upper B cell, care being taken that the supporting thread is nowhere horizontal, 
as otherwise the diffraction image is disturbed. The refractive index of the immer- 
sion liquid, m., is then adjusted until it equals that of the glass, when the horizontal 
contours of specimen, which otherwise stand out in bright contrast, disappear. In 
this case, n, serves as standard for the measurement. This immersion method is 
more sensitive than for example the hollow spectroscopic prism method, and precau- 
tions should be taken to minimise troubles arising from the evaporation of the 
liquids. 

The wavelength may easily be changed by changing the monochromator, though 
every new wavelength of course requires a new focal position and calibration curve. 
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Communicated 14 January 1953 by Benet Epiin 


A radioactive altimeter for stratosphere balloons 


By Krister KrisTIANsSsoN 


With 2 figures in the text 


In investigations of the cosmic radiation by means of stratospheric balloons 
it is of advantage to know the balloon’s altitude. A simple device which gives 
information sufficiently accurate for most purposes is described in the following. 


The altimeter 


An aluminium tube 15 em long and 2.5 em in diameter is fitted at one end 
with a polonium «g-source which is deposited on a silver foil. An Ilford C-2 
type photographic plate is affixed at the other end (Fig. 1). Both «a-source 
and plate are attached to the end-screws which close the aluminium tube. The 
interior of the tube is in communication with the outer air via a narrow brass 
tube wound in the form of a spiral around the aluminium tube. The long channel 
thus formed prevents the possible entry of moisture after the altimeter has 
descended. The total weight of the instrument is only ca. 75 er. 

When the balloon ascends the density of the air in the altimeter falls because 
of the diminution in pressure, and once a certain altitude is attained the ¢- 
particles are registered in the photographic emulsion. How far the a-particles 
penetrate the emulsion depends on the air density and hence on the pressure — 
whose altitude-dependence is known. By counting the number of tracks which 
reach different depths in the emulsion it is possible to estimate how long a time 
the balloon has spent at different heights, provided the strength of the «-source 
is known. It is thus possible from the length and number of «-particle tracks 
to study the vertical movements of the balloon. 


Method of measurement 


When the length of the vertically-directed a-particle tracks is being deter- 
mined with a microscope it is of advantage to employ the newly-developed 
emulsion immediately after rinsing and before it has dried. The tracks are 
then longer because of swelling of the gelatine and the relative error in length- 
measurement is less. Further, if a plate containing vertical tracks is dried the 
grains in the tracks press upon one another and the tracks become somewhat 
to long.1 To keep the water-content of the gelatine constant during measure- 
ments it suffices to cover the plate with an ordinary coverglass. Only relative 


1 J. Rorsrat & C. T. Tat; Nature, 164, 835 (1949). 
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Plate 


Figo. 


length-measurements are possible in the same plate because the water-content 
differs with development. Therefore one-half of the plate is shielded during 
the balloon flight and that portion is used for calibration. This is effected by 
irradiation in vacuo using the same polonium a-source. Test measurements 
carried out by irradiating at different pressures have shown that swelling of 
the gelatine is so uniform at different depths in the emulsion that no systematic 
error from this source can be observed. 

The length of the a-particle tracks at a given pressure is not constant, because 
of straggling, and a mean range must therefore be determined and used in 
calculating the pressure. Check measurements at different pressures have been 
made and the difference between the pressures observed with a manometer and 
with «-particles has never exceeded 3 mm Hg. 

In finding the maximum altitude it is not possible to obtain directly a mean 
range for the corresponding pressure since the pressure decreases continuously 
to a minimum. Instead a maximum extrapolated range for the a-particles is 
determined and then reduced to mean range. The difference between the extra- 
polated and the mean range can be found during calibration. It is appoximately 
constant and independent of the pressure, and can be used in reducing extra- 
polated to mean ranges without appreciably increasing the uncertainty of pres- 
sure estimation, even when the track-length distribution is that obtained by 
continuous reduction of the pressure to a minimum. 


Registration of a balloon flight 


The applicability of the altimeter has been tested in a balloon ascent to ca. 
30 000 m. The number of tracks which came from the surface and penetrated 
to different depths was found by counting the number of tracks crossing dif- 
ferent planes which were focussed in the microscope. This number is given in 
Fig. 2 as a function of the distance between the chosen plane and the surface. 
The strength of the a-sourece was known and this allowed an approximate deter- 
mination of the time the balloon spent at different altitudes.The time is inserted 
on the righthand axis of the same figure and the corresponding height on the 
upper axis. The maximum altitude was found by measuring the length of about 
50 tracks, each of which was more than 40 microscope scale divisions long (See 
Fig. 2). The extrapolated range was found and from it the maximum altitude 
was calculated to be 31 km. Because of the low pressure the uncertainty in the 
height measurements is relatively large. The accuracy can be improved. how- 
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Microscope setting 
Fig. 2. 


ever, by increasing the distance between a-source and plate. The temperature 
in the instrument during the flight was ca 0° C. An error of few degrees in the 
temperature data has but an insignificant effect on the accuracy of height 
determination. 


Department of Physics, University of Lund, December 1952. 
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Communicated 8 October 1952 by Axet E. Linn and Erik HutrHin 


The X-ray diffraction from quartz and the influence of 
surface treatment 


By Goésta BrocrREN 


With 8 figures in the text 


During the last years we have carried out a series of investigations of different 
atomic planes in quartz which we expected to be suitable as crystal gratings in X-ray 
spectroscopy. The results hitherto published are those of the photographic investiga- 
tions of a number of crystal lattices obtained by sawing crystal plates out of large 
single crystals with the surfaces parallel to suitable atomic planes. The crystal plates 
were then ground and polished very carefully. 

Before it is possible to decide if quartz is a suitable material for X-ray lattices, it 
is necessary, firstly, to examine whether the surface layer of the crystals changes 
in such a way during the grinding and polishing as to influence the reflecting and 
the resolving powers; secondly, to calculate, for instance, the values of the reflecting 
power under the assumption that quartz is an ideal perfect crystal and to compare 
the calculations with the values experimentally determined. 

We will first give a report about the experiments on the influence of the surface 
layer and how this layer was removed, and then investigate the agreement between 
the theoretical calculations and the experimental results. 


I. The influence of surface treatment 


The full width of a rocking curve at half maximum intensity is a measure of the 
resolving power of the two-crystal spectrometer. Hence, we used a pair of crystal 
plates and a two-crystal spectrometer to study the influence of the surface layer. 
The instrument is earlier described in detail [1]. With this we investigated the rocking 
curve, and in some cases also the percent reflection and the double crystal coefficient 
of reflection. The intensity was registered by an argon-filled Geiger—Miller counter, 
the sensitivity of which was about 50 % as to the radiation used (copper Ka-radia- 

tion). The voltage of the X-ray tube was always kept below the double threshold 
voltage so that no overlapping of the second order could take place. The filament 
was fed from a storage battery and the primary alternating current was stabilized 
by a stabilizing circuit, which kept the voltage constant within 0.5%. No variations 
of the high voltage and the current through the X-ray tube could be observed during 
the recordings. . 

In order to remove the surface layer, the crystals were etched with 40 percent 
hydrofluoric acid at 18°-20°C. The rocking curves were. measured after varying 
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times of etching. Simultaneously the surfaces were photographed in a metal microscope 
with a magnification of 1 000 times. 

All crystal plates, which were delivered cut and ground in the desired way, were 
first examined optically with polarized light in order to control that they were 
optically homogeneous. All the plates, but for those with the surface parallel to plane 
[1010], were polished so as to be optically plane and to give good optical reflections. 
In the metal microscope a few solitary irregularities could be observed, the diameter 
of which seemed to be about 1m or less. After some ten seconds of etching, there 
appeared scratch impressions, which must have been made during the grinding, as 
they constituted parallel lines in the surface. They had been filled with crystal powder 
and polishing material during the polishing so that smooth, optically good surfaces 
were formed. These defects appear more or less in different surfaces, probably 
because grinding powder of different sizes had been used and because the polishing 
had been carried out more or less carefully. The appearance of the defects is to be 
seen in Fig. 1. After two or three minutes of etching a number of small triangular 
etch-impressions appeared all over the surface, which grew more numerous and 
larger with an increase of the time of etching. In the case of some crystals, where 
the orientating measurements gave very asymmetric rocking curves or curves 
with double peaks, the surface was divided into two or more differently faceted 
areas after about five minutes of etching. | Fig. 2.] These crystal plates must be com- 
posed of two or more “‘crystallites’’, in which the atomic planes with the same 
indices were not parallel. 


Atomic plane 1010. The crystal plates used were very badly polished and gave 
no good optical reflections. After the position of the atomic planes had been deter- 
mined and the crystal holders adjusted so that atomic plane [1010] was parallel to 
the axis of rotation (see reference 1), the measurements and the etching were carried 
out. We tried to save the rear side of the crystal plates from the attack of the hydro- 
fluoric acid by covering it with wax, sapon, and other organic substances. Because 
of its low viscosity, however, the acid did penetrate between the cover and the crystal 
surface. The best cover used was silicon grease, which prevented the attack in a few 
minutes. Hence, both surfaces were exposed to the acid when the time of etching 
was long. 

As appears from Table 1 and Fig. 3, the width of the rocking curve was decreased 
from 54” to 8” in about four minutes. A continued etching had no influence. From 
other experiments it was determined that the thickness of quartz, etched away 
from each surface under these conditions, was 4000 Angstrom/hour. 

No determinations of the changes of the percent reflection and of the double crystal 
coefficient of reflection were made because of the very bad qualities of the original 
surfaces. The results show, however, that when a surface layer of a thickness of 
about 400 Angstrom is etched away, a further etching does not alter the width 
and form of the rocking curve. 


Etching experiments with atomic plane [1120]. These crystal plates were ground 
and polished very carefully and no defects could be observed in the optical examina- 
tion. Scratch impressions appeared as soon as they were etched, but they disappeared 
after a few minutes. The width of the rocking curve at half maximum intensity 
the percent reflection and the double crystal coefficient of reflection were determined 
as a function of the time of etching. 
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Fig. 2. Microphotograph of a surface, containing two crystallites. Time of etching 4 minutes. 
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Table 1 
The etching of plane 1010. 


; : The full width of the 
Time of etching rocking curve at half 
en stig max. intensity 

0 54” 

1 36” 

2 24” 

4 8 

6 (Tyee 

10 10” 

15 lige 

30 8” 

60 Oa 

120 8” 

300 Ta 


As these crystal plates had very rough surfaces, it is probable that the two crystals did not keep 
the parallelism so very well. It is probable that the value of the width (8’’) issomewhat too high. 


é 
0 5 10 15 20 2s 380 minutes 


Fig. 3. The influence of etching on the width of the rocking curve at half maximum intensity, 
for atomic plane (1010). 


As is to be seen in Table 2 and Fig. 4, the above quantities do not change after 
an etching of one minute. In one hour a layer 25000 Angstrom thick was removed 
from each surface. Hence, only a few hundred Angstrom had to be eliminated before 
constant conditions were valid. 


? In connection with another investigation new measurements have been made with atomic plane 
1010. The crystal plates used, which were delivered by the firm of Steeg & Reuter, Bad Homburg, 
Germany, were very carefully polished. Before etching, rocking curves with a full width of 5.6’ 
at half maximum intensity were obtained. After etching, the width decreased to 5.0’. At the same 
time the percent reflection changed from 0.54 to 0.63 and the double crystal coefficient of reflection 
from 1.86-10-° radians to 1.81-10-° radians. Thus the coefficient of reflection remained nearly 
unchanged. As a comparison, it may be mentioned that the calculated values of these quantities 
are w=4.9’, R=1.82-10-° radians, and P=0.64. 
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Table 2 
The etching of plane 1130. 


nee 


Time of etching | Width of the Percent Coefficient of 
in seconds rocking curve reflection reflection py 
radians 
| 

0 9.6” 0.37 2.50: 10-5 

20 Isgh 44. 1.521075 

40 3.9” 51 1.16- 1075 

60 30% 55 1.09 + 1075 

120 3.47 54 1.10- 1075 

300 3.5” 53 1.07 - 107-5 

600 3.4” 53 1.08- 1075 

1 200 BAe 53 1.08 - 1075 


Rrod w"P 


(6) 7 2 3 4 5 6 7 8 9 10 min 


Fig. 4. The effect of etching on the width of the rocking curve at half maximum, on the coefficient 
of reflection, and on the percent reflection for the first order reflection of Cu K«-radiation from 
a surface, parallel to atomic plane (1120). 


Conclusions. From the above results it appears that, when a quartz crystal is ground 
and polished, a very thin deteriorated surface layer is formed. If the crystal is used 
as a crystal grating in an X-ray spectrometer, this surface layer diminishes the 
resolving power. The integrated reflection power is increased, on the other hand. The 
thickness of the destroyed surface layer is very slight. The main part of it seems to 
be defects. in the very surface caused by the procedure of grinding, which are filled 
with a mixture of crystal powder and polishing material, so that a very smooth 
surface having good optical reflections is formed. The ‘“‘deformed”’ surface layer 
can be removed by etching with hydrofluoric acid. Only a layer a few hundred 
Angstrom thick need be etched away. The photographic control of the procedure 
shows that the powder filling out the irregularities in the surface is first attacked 
and removed. 
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II. Studies of the X-ray reflections at atomic plane [1120]. 


In order to investigate the qualities of the quartz crystal, we made a series of 
measurements of the full width of the rocking curve at half maximum intensity; of 
the percent reflection and of the double crystal coefficient of reflection at different 
wave-lengths. The results were compared with the data obtained by theoretical 
calculations. 

The structure of quartz is well known and the parameters of the unit cell are 
determined with a high accuracy [2, 3], so that it is possible to calculate its structure 
factors. Britt, Herman, and Perers (3) discuss in their article the kind of bonds 
existing in the quartz crystal, and draw the conclusion that the bond is covalent 
with a partially ionic character. The structure factors are calculated in the following 
under the assumption that the bond is purely covalent. James’ and BRINDLEY’s [4] 
values of the atomic scattering factors of Si and O have been used. This assumption 
has hardly any influence on the following calculations, as for plane [1120] the scatter- 
ing factors of the atoms are nearly identical with those of the ions. As they also 
found that quartz is a rather perfect crystal, the theory for the above quantities 
was carried out under the assumption that quartz is a perfect crystal. 

The theory of the diffraction of X-rays from a lattice plane in a non-absorbing 
perfect crystal consisting of only one kind of atoms, has been developed by Darwin 
[5] and Ewatp [6-8]. If F'(l) is the ratio of the intensity reflected from the crystal 
to that incident upon it, and if we assume that the incident beam is parallel and 
unpolarised, we obtain 


F 2 2 
1 Z cos 2 By 
1+ Vr (2) bot V/— (Fos 20.) 
where F is the structure factor, 
Z is the number of electrons in the unit cell, 
J, is the Bragg angle, 
sin 2 0, 

l= 26 2(9-0,) -1. (2) 

6 is the deviation of the index of refraction from unity. The unit of J is thus — ae F 
sin 2 Hy 


radians. The sign to be used in the denominator of Eq. (1)is determined by the physical — 
requirement that the ratio must be less than or equal to one. In a crystal composed 
: LF 
of more than one kind of atoms A = ay must be exchanged for _ , where the summa- 
’ i 
tion must be extended over all atoms in the unit cell. 

In Equation (1), the first term of the expression refers to that part of the radiation 
whose electric vector is perpendicular to the plane of incidence (o-polarized radiation) 
and the second to the radiation, whose electric vector lies in the plane of incidence 
(z-polarized radiation). Hence we can write 


F()=3F, () +4 Fy (I) (3) 
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The radiation is totally reflected within an angular region A, and A, given by 


ese 8 
ites? Nae (4) 
46 F 
gin sin20,Z.° 2% (5) 
or 
F 
A, = 407 cot 2 J. (5 a) 


The integrated reflection power R, calculated for unpolarized radiation is 


86 F 1+|cos2%,| 
oe 3.2 sin 2 By i) 
The diffraction of X-rays in a perfect crystal with not negligible absorption is 
discussed by Prins [9] and Kouter [10]. Prins develops Darwin’s theory and 
introduces the absorption by assuming that the coherent radiation scattered from 


- an atom shows a phase displacement against the primary radiation, so that the inten- 


sity of the scattered radiation is decreased in such a way as the value of the absorption 
coefficient states. It follows from this that a complex quantity 6 + 4-/ must be ex- 


changed for 6, where f is the absorption coefficient of the length i. 


A 
iP eer (7) 


where #4 is the linear absorption coefficient. 
Darwin’s expression (1) now gets the following form: 


Bb) gris ee ae 
i (A+ 4B) | 00s 29, | | 
1 jE + V(.-38) - (2527) cost 29, 


The quantity (A +7 B) is related to the quantity (6 +7 #) as the amplitude of the 
wave coherently scattered at angle 2 0 is to the amplitude of the wave scattered 
in the forward direction. If we further assume that the phase displacement of the 
coherently scattered radiation is not depending on #, (that is if we assume that all 
electrons in the atom may be treated in the same way), we have 


(8) 


a 
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F; : 
A+j B= dF (+7 By), (9) 
i Zi 


6; and f; being the contributions from atom 7 to the refractive index and the absorp- 
tion coefficient respectively owing to the earlier definitions. 

The quantities we want to calculate are the percent reflection P, the double 
crystal coefficient of reflection R, and the full width w of the rocking curve at half 
maximum intensity. The percent reflection is defined as the ratio of the maximum 
intensity of the beam, reflected from the second crystal to the intensity of the 
beam, incident upon the same crystal. We get 


f FO dl+ frat 
p=-2 a (10) 
[ Fo.@dl+ f Fadl 


—oo 


The double crystal coefficient of reflection is defined as the ratio of the integrated 
intensity of the beam reflected from the second crystal to the intensity of the beam 
reflected from the first crystal only. The integrated intensity refers to the area under 
the rocking curve when the angular unit is the radian. The general expression for R is 


23 fr (1) ail + | fF. (1) a) 


sin 2H, fr 
o 


Se (11) 
()dl+ [ F,())dl 


The full width w at half maximum of the rocking curve is obtained by plotting 
the function 


6-5 { Fay Fo-nai+3 [ 2, F,0-Hal (12) 


for oe values of k, The angular unit & is converted into radians by multiplying 
; 2 
ain sin 20, 


Evaluation of the constants. All values are calculated starting from equation (8). 
The values of the refractive index 6 are calculated from the relation [13] 


8 =1.36- 9-42-1072, (13) 


where Ais measured in X.U. The density of quartz o was set to 2.6485 [14]. The values 
do and dg; apply to the index of refraction of a substance, built up of only one kind 
of atoms (O and Si respectively). On calculating for instance do, We inserted the value 
of the density that is obtained when all silicon atoms in the crystal are neglected. 


1 See reference (12) page 718 and following. 
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The f-values were obtained from Kq. (7). Table 3 contains the values of the mass 
absorption coefficients, taken from experimental data [15]. 

As quartz is a hexagonal crystal belonging to crystal class D,*‘(or D,°), with well 
known crystallographic data, the structure factors are given by the relations 


F = (Hgit+ 9: Ksi) fsi+(Hot+j Ko) fo, (14) 
where 


H=2 {60s a [(h—k) (w7—y) +212] cos mi(at+y)+ 


+ cos a [(k—2) (w—y) + 212] cos a [h(w+ y) — 24] + (15) 


+ cos x [(¢—h) (w—y) +212] cos z[k (a + y) + =I}, 
K=-2 f008 x [(h—k) (w—y) +212] sin wi (at+y)+ 

+ cos a[(k—1) (a—y) +212] sin x [b(@+y)- + (16) 

Econ iio sear elene [bin eye qi}. 


h, k, 1, and I are the indices of the atomic plane, and 2, y, z the coordinates of the 
atom. f is the atomic scattering factor. 
Since K =0 only if =3 n and h= —k or k= —1 or1= —/h, the structure factor 
of plane [1120] is complex. 
When calculating the above values, we used the coordinates determined by BRILL 
et al. [3]. 
Lyi; = 0.465 LO = 0.415 Yous 0.272 20 = 0.120. 


A and B are now evaluated by inserting all values in Kq. (9). 

Table 3 gives all the computed constants and the calculated values of P, R, and 
w for the wavelengths used. The structure factors are not corrected for the effect 
of the thermal vibrations of the atoms in the crystal, which decreases the structure 
factor values. A theory for the structure factor correction is worked out only in the 
case where the crystal has a simple cubic lattice, where we have, due to DEBYE 
and WALLER [17-21], 


fr=fy:e™, (17) 


61? Ede) ‘| sin? 3 
u- "| x aed ee (18) 


- where 


jr and fy are the atomic scattering factors at absolute temperatures 7 and 0, his 
Planck’s constant, m the mass of the atom, & Boltzmann’s constant, 0 is the charac- 


7) ‘ 
teristic temperature of the crystal, 7 = vi where T is the temperature of the crystal, 
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T 


The constants, used 


Ss 


Wavelength Glancing (‘*) (“) 6si Bsi do Bo 
X.U. angle, # o/ si o/o -10° -10° -10° -108 
2498 30°38’ 225 45.5 10.62 0.554 12.15 0.128 
2 285 vane Mak 180 36.4 8.77 0.405 10.03 0.094 
1 932 ORLY 111 22 6.27 0.212 ye 0.047 
1 537 18°16’ 60 ee 3.99 0.093 4.60 0.011 
1 205 14°14’ 33 5.7 2.44 0.0392 2.79 0.0077 

708 8°18’ 6.4 1.2 0.84 0.0044 0.96 0.0010 
558 6°32’ 3:7 0.7 0.54 0.0020 0.61 0.0008 


at which the measurements are made. The values of d(x) are to be found in Interna- 
tional Crystal Tables, p. 574, Vol. 2 [29]. 6 may be roughly estimated from the 
relation between crystal hardness and characteristic temperature. 

A similar correction should perhaps be applied to a hexagonal crystal, but as, in 
the case of quartz, the characteristic temperature is probably rather high, the 
correction ought to be rather small, at least in the case of plane [1120]. Some informa- 
tion may be obtained for instance by determining the double crystal coefficient of 

sin # 


A 


reflection R for the same wavelength, but with different atomic planes, where 
has different values. 

Experimental. If full advantage of the double crystal spectrometer is to be 
obtained, its geometrical resolving power must be greater than its physical resolving 


power, the latter being referred to the diffraction patterns. The geometrical resolving 
power has the value 


(19) 


where 


(20) 


h, and h, being the heights of the two horizontal slits and L the distance between 
them. h, and h, were 1 mm or less and the distance L was 300 mm, which gives a 
maximal horizontal divergence of 0.003 radians and a geometrical resolving power 
larger than 90000. On the assumption that the spectral lines and the rocking curves 
are of the Gaussian error shape (in fact they deviate very little from this), the physical 
resolving power can be referred to the crystal diffraction patterns and defined in the 
same way as in optical spectroscopy [23]. Hence two spectral details are resolved 
if the distance between them is equal to the full width of the rocking curve at half 
maximum intensity. Calculating A/dd from the Bragg equation, we obtain 


A _ ted 
Qh a (21) 
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ulating P, R, and w. 


= ae ‘ : 


6 Angular -10° 
10° os p unit J in A -10° B -10° wr” P -10° a 
“10 6 seconds radians 
Bed 0.682 0.0299 10.72 =—4.277 OTe 5.4 47 1.60 
3.80 0.499 0.0265 9.43 — 3.401 0.325 4.7 51 1.41 
3.44. 0.259 0.0193 65 — 2.419 0.252 3.6 59 1.24 
3.60 0.104 0.0121 5.95 — O28 0.165 3.0 66 1.08 
9.23 0.0469 0.0090 4.53 — 0.934 0.109 2.3 67 0.84 
1.80 0.0054 0.0030 2.61 = (0.319 0.039 1.3 68 0.52 
bed 0.0025 0.0022 2.10 — 0.203 0.026 1.0 68 0.41 


The theoretical values of the physical resolving power given in Table 4 are calcu- 
lated from the theoretical values of w computed earlier. They are much less than the 
geometrical resolving power. This could be seen experimentally, since a decrease 
of the slit height had no influence on the width and form of the rocking curves. 

The parallelism of the two faces of the crystal plates was controlled by studying 
the number and appearance of the interference fringes, when the plate was illuminated 

with parallel monochromatic light. The exact orientation of the actual atomic plane in 
the plate was determined with X-rays in the way earlier described [1]. Experiments 
proved that a crystal plate could be removed from the holder and inserted again 
without changing the position of the reflecting plane more than about 10’’-15”. 

The X-ray tube and the A crystal were adjusted so as to obtain maximum intensity 
of the actual X-ray line both in the (1, —-1) and the (1, 1) positions, before P, R, and w 
were determined. The intensity was registered during 30 seconds in each point. 
Each rocking curve was described five to ten times. The intensity of the top was 
kept at 3000-5 000 counts per 30 sec. 

The percent reflection P was determined by registering the intensity of the incident 
radiation and the intensity of the peak of the rocking curve alternatingly. The percent 
reflection and the width of the rocking curve proved to be more sensitive to a devia- 
tion from the parallelism of the two crystals than the double crystal coefficient of 
reflection was. 


Table 4 
The theoretical physical resolving power. 
A _ | Resolving power 
2498 23 000 
2 285 23 000 
1 932 24 000 
1 537 23 000 
1 205 23 000 
708 23 000 
558 23 000 
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Table 5 


Measurements on quartz 1120. w=the full width at half maximum intensity 
(seconds of arc), P=percent reflection, R=coefficient of reflection (in radians), 
S=the physical resolving power. 
ee Se ee 


Wave- w Pui R-10° S 
Line length 
X.U. exp. | theory | exp. | theory | exp. | theory | exp. | theory 
V Kae, 2 498 6.3 5.4 39 47 1.59 1.60 17000 | 23 000 
Cr Ke, 2 285 5.2 4.7 45 51 1.48 1.41 19 000 | 23 000 
Fe Ka, 1 932 4.0 3.6 53 59 1.26 1.24 20 000 | 24 000 
Cu Ko, 1 537 3.4 3.0 55 66 1.10 1.08 19 000 | 23000 
Tl Le, 1 205 2.7 2.3 54 67 0.88 0.84 19000 | 23 000 
Mo Ka, 708 2.3 1.3 48 68 0.58 0.52 13 000 | 23 000 
Ag Ka, 558 2.3 1.0 39 68 0.55 0.41 10 000 | 23000 
(7) 
10 
5 
0 
7] 500 1000 500 2000 2500 XU 


Fig. 5. The full widths of the rocking curves at half maximum intensity as a function of wave- 
length for plane (1120). 


Px10* 
75 
50 aA Tria Wacom 
25 
0 
oO 500 1000 1500 2000 =. 2500 XU. 


Fig. 6. The percent reflection as a function of wave-length for plane (1120). 


332 


ARKIV FOR FYSIK. Bd 6 nr 31 


Rx10° 


0 
(4) 500 7000 1500 2000 2500 XU. 


Fig. 7. The coefficient of reflection as a function of wave-length for plane (1120). 


70 000 


(2) 500 7000 1500 2000 2500 XU, 


Fig. 8. The resolving power of the double-crystal spectrometer when using quartz (1120). 


Discussion of the results. The results of the experiments and of the calcula- 
tions are given in Table 5 and Fig. 5-8. The experimental values of the widths of the 
rocking curves are larger than the calculated ones, but the opposite relation is valid 
as to the percent reflection. The agreement between experiments and calculations 
is very good as to the double crystal coefficient of reflection and the difference 
between them is always well within the experimental limit of error. The theoretical 
calculations were made under the assumption that quartz is a perfect crystal. The 
excellent agreement between theory and experiments states that this assumption 
must be correct. 

This work was supported by a grant from the Swedish Natural Science Research 
Council (Statens Naturvetenskapliga Forskningsrad). I also wish to express my thanks 
to Mr L.-E. Harcestom for his assistance in the recordings with the double crystal 


spectrometer. 
Department of Physics, University of Uppsala, Sept. 1952. 
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Communicated 27 February 1952 by Ertk Hunruin and G. Boretius 


Determination of the diffusion length of thermal 
neutrons in graphite 


By L. CarLtBom 


With 8 figures in the text 


Introduction 


According to diffusion theory the diffusion length L is related to the transport 
mean free path A, and the absorption mean free path 4, by the equation 


— 7h, 


Ip =. (1) 


L is critically dependent on the presence of even small quantities of impurities, 
having a high neutron absorption cross section, as for example boron, which reduce 
4,, and L is thus a measure of the purity of the material, from the point of view of 
neutron physics. 

Direct experimental measurements of LZ have been described in the open literature 
by Herewarp, LAURENCE, PANETH and SaRGENT (1), and by BoTHE and JENSEN (2). 
The author has also had access to an unpublished report on a determination of L 
which was carried out in the laboratories of the Commissariat 4 |’Energie Atomique 
in Paris. HEREwarD and his collaborators found £ =51+3 cm, for a graphite of 
density 1.55 g/cm*, while Borne and Jensen found LZ = 36 +2 cm for a graphite 
of density 1.68 g/cm®. 

The graphite used in the present investigation was manufactured by Skandinaviska 
Grafitindustri AB, Trollhattan, and had a density of 1.65 g/cm’. 


Method 


Since no source of thermal neutrons is available it is necessary to start with fast 
neutrons and to slow them down in a moderator, which in this case was part of the 
graphite block in which the diffusion length was to be found. If the measurements 
are made at a sufficient distance from the source practically all the neutrons reaching 
the measurement region are thermal. In order to check whether the number of non- 
thermal neutrons reaching this region was enough to disturb the measurements, 
an additional experiment was made, in which a cadmium foil was interposed between 
the source and the measuring region. The differences between the two series of 
neutron density measurements were then used to calculate the diffusion length in 
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the way described below. The difference in the values of L as calculated with and 

without this correction was small. ; 
The graphite was built up into a parallelepiped having a square base and vertical 

sides. For a source-free region in such a geometry the diffusion equation for the 


neutron density @: 
4 
Aos Tan 0 (2) 


can be solved, when the boundary conditions are given. This equation is however 
not valid at distances of the order of magnitude of one mean free path from the 
outer surfaces of the moderator. In this region the neutron density falls off approxi- 
mately linearly, at a rate such that if it were to be extrapolated into the space outside 
the moderator it would reach zero at a distance 0.710 A, beyond the bounding planes 
provided that no neutrons are scattered back into the moderator. 

If equation (2) is to be solved in cartesian coordinates it is thus convenient to 
take the coordinate planes 0.710 A, outside the geometric limits of the moderator. 
If a=a, +2-0.710 A, where a, is the length of the sides of the base, the solution, 
for the boundary conditions 9 =0 at 


z=0 f{y=0 2z=0 ; 
can be written 
L=a =G 


o= > Kim(2) sin ‘ze sin (3) 
l,m 
where 
Ki,m(z) = Ki,m sh c1,m:z . (4) 
and 
2 2 2 
i geval oie (E tomate sl (5) 


L? a2: 


It follows from equation (4) that, if K,,,, (z) can be determined for two different 
values of z 

Ki, m (21) ns sh Al, m* 2 

Ki, m (22) sh Ql, m* 2 


(6) 


from which «,, ,, can be found, and so, making use of equation (5), Z can be calculated. 

The measurements should thus be made in such a way that a Fourier coefficient 
K,,» (2) can be determined in at least, two, z-planes. From equation (5) it can be 
seen that for 1 =m =1 the last term becomes as small as possible, and therefore the 
highest accuracy will result if K,, and o, are determined. In the experimental 
measurement A,, was found for four different z-planes (see Fig. 1), giving six combina- 
tions for substitution in equation (6). 

The neutron source was located on the vertical axis of the parallelepiped, and 
thus, because of the resulting symmetry, the terms in the Fourier expansion having 
even indices vanish. 

_ Ky (%) was determined from equation (3) by the measurement of several o-values 
in the z,-plane. In order to simplify the calculations the measuring points were 
chosen according to the formulae: 
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TARGET OF THE ACCELERATION TUBE 


— 


Fig. 1: 
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a a 

peste — 7, 8=0; 1 oe 2): 

"20 n ( ) 
a a ‘ : 

Ys=~—+s-— and n is an integer. 
2n n 


If or, s are corresponding 9-values, then because of the symmetry: 


Or, s = Os, r = On—r—1, 8 — Os, n—r—-1 — Or, n—s—1 = On—s—1, r — 


= On—r—1,n—s—1 a ee eee (7) 


In order to obtain as much information as possible about the neutron distribution 
from a given number of measurements, and at the same time to test whether the 
system was fully symmetrical, the o-values were measured at all even r-values and 
all odd s-values (Fig. 1). By substitution in equation (3) one obtains: 


2n n 


zl alr\ . [mm . ams 
sin 


Or, s = > Ki, m(z) sin (2427 (i, m=1, Soe aye 


From this equation K,,,, (2) can be obtained: 


4 n—1 n—1 r 


ee h mms 
Kine : sin —— sin 
sm (2) mm 2, 2, Ors n n 
n? cos —— cos —— 
2n 
and 
q See aa ar Ss 
UOTE Foaewenisn ee sin — sin’ 8 
1 (2) “, Oe Or,s = a (8) 


It 
n2 cos? —" 
2n 


In the experiment 36 o-values were measured in each z-plane, and n = 12 
Since only o-values at even r and odd s were measured (ie. g-values at r=2 p 
and s =2 q+1, where p, g=0, 1...5), equation (8) can be written: 


1 Bk 
Ky (z)= >: >) [coneers sin 2px sin (2q+1)a 
SG agate eee 12 12 
24 
ve (Lhe 2p) ral Zech ae ’ lise 
+ 011-2p,2q+1 SIN Cases sin Pa + op,10-2 sin - 8 (10 oa) 
se il=32 . (10-2 
+ 011-2p,10—2q SIN ( =P) a sin ( 2 q) *| 2 
Using equation (7) this expression reduces to: 
& as 
=: 4q—9)x  (4p—1l)a 
Ky; (z) = const. : (4¢ (2p 11) 7. | 
11 ( ) on 2 Qer.z0t1 cos yi cos 3A (9) 
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From equations (6) and (9) one obtains: 


eens 
(4q—9)x (4p—11)z 
sh aq121_ 25, = 02p,2q+1 COS 34 cos OA th 
h De Os. = = 
sh 044 2 y y Rr A: (4q—9)x cee (4p—1l1)a 
p=0 g=0 24 24 


o’and 0” are the o-values in the z, and z, planes respectively. From equation (10) 
%, can be calculated, and L then follows from equation (5): 


ee ee (11) 


| / 2m 
vs CS ae 
a 


Experimental arrangement 
The graphite pile 


The graphite consisted of blocks of three different dimensions, 72 x 72 x 504, 
72 x 72 x 576, and 108 x 108 x 648 mm. A few blocks of other sizes were used, for 
example round the hole for the introduction of the neutron source. The blocks were 
milled to tolerances of + 0.05 mm for the two smaller dimensions, and + 0.1 mm for 
the longer. The graphite was manufactured in two lots of approximately the same 
size, the blocks having the smaller dimensions being made from the first lot, and 
the larger ones from the second. The density of the first lot was 1.656 + 0.006 g/cm3, 
this being the average of the density of 15 blocks, while the average density of 48 
bars made from the second lot was 1.640 + 0.003 g/cm*. The total weight of graphite 
used in the experiment was 12.5 metric tons. 

Chemical and spectroscopic analyses have been made in order to determine the 
boron content of the graphite, since boron is the most dangerous impurity to be 


© SPECTROMETRIC ANALYSIS 


x CHEMICAL ANALYSIS SAMPLES TAKEN FROM 
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pe™ B 


* 
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1077 1077 


644.0 


@D 


GRAPHITE BLOCK GRAPHITE PLUG 


Mn-FOIL 


URANIUM STANDARD 


Fig. 3. 


expected.1 There was good agreement between analyses made by the two methods. 
Fig. 2 shows the boron content of samples taken at various depths from the surface 
of the central part of a machined graphite block from the second lot. There is a marked 
increase in boron content near the surface. In the outer part, which was milled 


1 The chemical analyses have been made at the chemical department of AB Atomenergi by 


miss T. BERGGREN. The spectrometric analyses have been made by dr. S. LANDERGREN, Sveriges 
Geologiska Undersékning. 
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Fig. 4. 


away during the machining process, the boron content varied greatly from block 
to block. In the second lot, in which the original block dimensions were 120 x 120 mm, 
it was between | and 42 ppm. It is clear that the boron impurities gather in the outer 
parts of the blocks during the manufacturing process, and for this reason it is very 
necessary to machine the surfaces of the blocks. 

The dimensions of the parallelepiped in which the blocks were stacked are given 
in Fig. 1. The top of the pile was covered with a layer of paraffin wax, which acted 
as a neutron reflector and absorber. The Mn-Ni foils which were used as detectors 
were mounted in blocks dimensioned 107.7 x 107.7 x 648 mm, so that they could 
easily be slid in and out of the pile (Fig. 3). 72 blocks of this size were distributed 
amongst the four measuring planes. The graphite pile was surrounded on all vertical 
sides by 0.3 mm cadmium sheet, to reduce the number of thermal neutrons scattered 
back into the graphite (Fig. 4). Beneath the graphite was a 0.5 mm cadmium sheet, 
which lay on a flat concrete surface. The cadmium shields on two opposite faces of 
the pile were easily removable, so that the detector blocks could be withdrawn. 


Neutron source 


The peutron source was a 200 kV accelerator, in which a heavy ice target was 
bombarded with deuterons. This equipment has been described by Mr. N. G. S36- 
STRAND (3), who was responsible for its operation throughout the present experi- 


ment. ' 
The mean neutron intensity varied between the limits 7-12 g Ra-Be equivalent. 
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Fig. 5. 


Neutron detectors 


The neutron detectors consisted of 24 Mn-Ni foils, 20 x 20 x 0.2 mm, mounted in 
aluminium frames (Fig. 3). The alloy used, which consists of 90 % Mn and 10 % Ni, 
can conveniently be rolled into foils, while pure Mn cannot.! The half-life of the Mn®* 
formed by the capture of a slow neutron was found by measurement to be 154.9 + 0.4 


minutes. Ni®> is also formed, but the activation cross section for Ni®! is 2 barns, 


and nickel contains only 1.16 % of this isotope, while the cross section for manganese 
is 13 barns, so that the nickel activity is negligible. Moreover the half-life is 2.6 
hours, which is very close to the half-life of manganese. The advantage of Mn asa 
detector lies in that its absorption cross section follows the I/v law for energies up 
to several eV, and thus its efficiency as a detector is independent of energy for 
neutrons in the thermal region. Another advantage is that Mn®* emits hard B-rays, 
which can easily be counted by a GM tube with reasonably thin walls. 


Geiger counter equipment 


The activity of the Mn-Ni foils, which is a measure of the neutron density at the 
point where the foil was irradiated, was measured with pairs of @-sensitive GM 
tubes coupled in parallel. These tubes were mounted in lead screens, as shown in 
Fig. 5. The GM tubes were of the type described in an earlier publication (4). 8 


1 This alloy is due to Dr. L. Kowarskt. 
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counting equipments were used, each consisting of a pair of GM tubes, a high tension 
set, and a scale of 64. The GM tubes were coupled to the scalers through cathode 
followers. Uranium glass standards were used in order to check the constancy of the 
GM tubes (Fig. 3). A measurement with a manganese foil in a double GM counter 
having solid angle 4 x showed that the solid angle for the foils in the parallel counter 
arrangements was 34%. The use of two GM tubes coupled in parallel has three 
advantages compared to a single tube: the effect of small displacements of the 
foil in the plane of the GM tubes is reduced, the resolving time of the two tubes is 
half that of the single tube, and the statistical error is 30% less, when the same 
activity is counted for the same time. 


Calibration of the foils and uranium standards 


The resolving time t of a GM counting equipment having two tubes coupled in 
parallel can be calculated from a knowledge of the resolving times t, and 7, for 
the two tubes in the same equipment, when each tube in turn is alone connected. 
Because of the symmetry of the arrangement half the counting rate can be assumed 
to be due to each tube. If n’ is the true pulse rate, and n is the counting rate reg- 
istered, we find that: 


ad CL. Oe ol u n ; 
n= (1 ea) +4 (1 = 1a) n[1+2 i+e)| 


By comparison with the formula for a single GM tube, it follows that: 


Tino 
(pe 
4 


When the impulses counted are due to an activated foil the correction formula be- 
comes somewhat more complicated. If N, is the background counting rate, I’ the 
true intensity of the radiation from the foil in the geometry in question, Jj the 
initial intensity, NV the number of impulses counted in time ¢, and n’ the true number 
of B-particles passing through the GM tube, then: 


N= f (I'+No)[1—-(I'+No) 7] dt. 
0 


From this can be found, by making suitable approximations: 


Nac(l atl 
21 =e-*) 


tT, and t, were determined by a method described by D. Witrarp and C. G. Mont- 
GgomERY (5). The GM tube was triggered by pairs of impulses from a 15 kV X-ray 
tube pulsed by a radar modulator, at a repetition frequency of about 175 pulses per 
second. One pulse of each pair could be shifted with respect to the other. When the 
interval between these pulses is large, the counting rate is twice the repetition 
frequency, but when the spacing is less than the resolving time of the apparatus 
only the first pulse of each pair is counted. Fig. 6 is a curve taken for one of the 
GM tubes.? 


1 The electronic equipment used for the determination of the resolving time was designed by 
Mr. R. VESTERGAARD. 


n’' =(N—Not) E 
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Fig. 6. 


The intensity of the neutron generator was not constant during each irradiation 
period, so the calibrations were made using a 750 mg Ra-Be source. The neutron 
source was placed in the graphite pile, and a detector block selected such that a 
foil placed in it would receive a convenient activation. The 24 Mn-Ni foils were 
placed in turn in this block, each being irradiated for the same length of time, in 
the same geometry. The activities of the foils were measured by counting with 
them for a period of 64 minutes, beginning 8 minutes after the end of the irradiation. 
Each foil was assigned to the one of the counting equipments, in which it was always 
measured, and each equipment had its own uranium glass standard. The background 
and standard counting rates were measured before and after each foil measurement. 
Denoting the activities of the standard and of the foil by s and n respectively, a 
coefficient k=s/n was defined for each foil, which is a measure of the efficiency 
of the foil as a detector. This method of calibration has the advantage that the 
depression in the neutron density caused by the introduction of the foil, which 
is proportional to the neutron density, is included in the detector coefficient. Since 
the foils are all of approximately the same size, and since the ratio between the 
measured neutron densities in two measuring planes is used in the calculation of 
L, the disturbance of the neutron distribution due to the introduction of the foils 
is in this case of no importance. 


Measurements 


The relative neutron intensities 9 at the measuring points in the graphite pile 
were determined as follows. One foil was always placed at the same place in the 
graphite pile, and was used as a monitor, giving a measure of the integrated neutron 
intensity during the irradiation period. Seven other foils were distributed amongst 
the other measuring points, being arranged as far as possible so that no two foils 
were close together, and the neutron generator was then run for a period of 1-5 
hours. The activity of each foil was subsequently measured for 64 minutes, and the 
counting equipments checked for background and standard counting rate. The 
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Fig. 7. 


number of impulses counted, for a foil in the measuring position nearest the vertical 
axis of the pile, was about 20000 for the first measuring plane, 50000 for the second, 
100000 for the third, and 200000 for the fourth. The normalized activity for the 
position 2 is defined as: 
psy 
Si 

If the normalized activity of the monitor foil is a,,, the relative neutron density is 
given by: 
= au . 

Qi Qan 
Fig. 7 gives the background and standard activity as measured with one GM counting 
equipment, over many days, showing that the constancy was good. 

The foils were placed horizontally in the detector blocks, but a special investigation 
showed that their activity was independent of orientation during irradiation. An 
investigation was also made to determine how much of the activity was due to 
neutrons having energies above the cadmium cut-off. A foil enveloped in 0.7 mm 
Cd sheet was placed in the top measuring plane.’ The activity was only 0.8 %o of 
that without the cadmium envelope, and the contribution of neutrons above the 
cadmium cut-off to the activation was thus very small. 


Results 


In order to calculate a, and thus ZL, it is necessary to know /,. Using experimental 
values given by AucEeR, Munn and Ponrscorvo (6), A, for graphite of the density of 
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Os 


Fig. 8. 


that used in the present measurements can be calculated to be 2.5 cm. A calculation 
of A, from o; for carbon gives A, = 2.7 cm. The average value 2.6 cm has been taken 
here. 

In order to give an idea of the distribution of neutron density in the four measuring 


p= Ow aleD Rca jen 


planes, the o-values corresponding to ied vise mae are plotted 


in Fig. 8 (marked as crosses). The resulting curves show the neutron distribution in 
the measuring planes, along a line parallel to the X-axis (the line AB in Fig. 1). 


If Li; is the L-value calculated from the o-values measured in the 7 and j planes, 
we find the following values for L: 
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Lay = 46.2 + 1.0 em 
Ls, = 45.2 + 0.4 em 
Digg = 45.7 + 0.6 cm 
Ly, = 46.4 +0.2 cm 
Lyn = 46.5 + 0.3 cm 
Lyg = 47.2 +0.5 em 


The mean value is: L = 46.3+0.2 cm. The errors given are standard deviations. 

A series of o-determinations was made with a 0.1 mm cadmium sheet inserted in 
the graphite pile at a height of 1296 mm above its base. It was necessary to use 
a new monitor position above the cadmium sheet, and this was taken at a point 
1620 mm from the base of the pile, 936 and 231 mm from the vertical sides. This 
monitor position was normalized with respect to that in the upper measuring plane 
which was used previously, by simultaneously irradiating two foils, one in each 
monitor position, before the cadmium sheet was put in. It was found that the inser- 
tion of the cadmium plate resulted in a disturbance in the neutron density at the 
upper monitor position of about 25 %, which had to be corrected for. This correction 
was determined by placing a Ra-Be source (850 mg Ra) close to the target, and 
measuring the activation at the upper monitor ‘position with and without the cad- 
~ mium sheet. 

The number of pulses counted with foils which had been irradiated at the measur- 
ing points nearest the vertical axis were, for plane 1 about 1900, plane 2 about 
5400, plane 3 about 12000 and for plane 4 about 30000. In Fig. 8 the differences 
between the o-values found without and with the cadmium sheet are marked as 
circles. The following values for Z are calculated from these differences. 


Dy, = 45.7 +1.1 cm 
Dy, = 45.3 + 0.4 em 
Digg = 44.9 + 0.7 cm 
Dy, = 45.5 + 0.3 cm 
Ly, = 45.4 40.3 cm 
Ing = 45.9 + 0.6 cm 
The mean value is L = 45.4 + 0.2 cm 


Discussion of the results and sources of error 


The expression “thermal neutrons” is not always welldefined, and this is especially 
so in graphite, in which “‘cold’’ neutrons arise. In this case the thermal neutron 
energy spectrum must depend on the geometry used. Since L depends on the energy 
of the neutrons, a determination of Z made in the way described above will give 
a mean value corresponding to the energy spectrum in the region in which the meas- 
urements are made. ck 

Lis also dependent on the presence of neutron-absorbing impurities in the graphite. 
One can easily calculate that a content of 1 ppm of boron, which is the most dangerous 
impurity in this respect, would reduce the diffusion length by about 8 %. 
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The difference method for making measurements with thermal neutrons, as 
described above, has often been used, but the results show that in many cases a 
well-defined thermal neutron spectrum was not produced. The factors which influ- 
ence the energy spectrum, in such difference experiments, are the following: the 
energy spectrum of the neutrons in the region where the cadmium sheet is placed, 
the energy dependence of the cadmium absorption cross section, the thickness of 
the cadmium sheet, and the geometry of the experimental arrangement. However, 
even if the method does not give a well-defined neutron spectrum, it gives, in the 
present case, a reduction in the number of epithermal neutrons at the measuring 
planes. 

All the values for Z as found by the two methods agree well, with the exception 
of the L4; values found by the direct method. This seems to indicate that the number 
of epithermal neutrons in plane 4 is not negligible, but that their effect is eliminated 
by the cadmium difference method. The discrepancies are small, however, and the 
possiblity remains that they may be due to errors in the measurements. 

The best value for the diffusion length for thermal neutrons in graphite, as found 
by this experiment, is thus 45.4+0.2 cm, where the error given is the standard 
deviation. 

The disagreement between the values for Z found by combinations of measure- 
ments from the various measuring planes is not large, using the cadmium difference 
method, which indicates that the effect of the geometry is small. Impurities in the 
graphite, on the other hand, have a considerable effect on the value of L, and the 
accuracy of the present method is such that an impurity content greater than the 
equivalent of 0.5 ppm of boron causing a decrease in the diffusion length of 4% 
can be estimated with certainty. 
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Communicated 12 November 1952 by Oskar Kuery and Hitpina Faxin 


Space reflection, time reversal and charge conjugation of 
spinor fields 


By H. A. S. Eriksson 


§ 1. Introductory remarks as to the basis and purpose of the present in- 
vestigation 


If invariance of the Lagrange density (LZ) with respect to time reversal as well 
as the existence of a corresponding linear transformation of the components of w 
(—and a similar transformation of the components of y”, 2.¢. the transformation shall 
be reducible in the composed {y, y*}-space) is postulated, then y must be composed 
of 8 components. (Cf. a previous paper by the author, (1), where the arguments 
for a theory with 8 components are formulated in another manner). However, in 
the present paper we will (— according to the customary view) consider wave func- 
tions with 4 components, thus omitting one of the above-mentioned two require- 
ments. It will be shown that if the former requirement is omitted, 7.e. if we permit 
that L—— L under those two kinds of discontinous Lorentz transformations, which 
can continously (—7.e. by means of a rotation of the four-dimensional space) be 
transferred either to the inversion x—> x, t->—t or to the inversion x->— x, t>-—t 
(— but not to the inversion «— — x, ¢->1t), then the theory will describe only particles 
with vanishing rest-mass. Thus we are led to require the invariance of LZ with respect 
to all Lorentz transformations, including the three kinds of discontinuous trans- 
formations (inversions). 

Recently the question, whether four or two representations of space reflection 
exist, has become urgent. As to the representation of time reversal, there exists 
much obscurity in the literature. We hope that the present investigation (— and 
the results obtained by Caianiello) will help to clarify these two questions. 


§ 2. Spinor representation 


As pointed out in (1) the behaviour under space reflection may be suitably studied 
by means of the spinor representation of rotations of the five-dimensional space, 
but, if moreover the behaviour under time reversal is to be studied, a spinor repre- 
sentation of rotations of the six-dimensional space (— where the sixth coordinate is 
of the same nature as the time coordinate) should be built up. The spinor representa- 
tion of rotations of the five-dimensional space is given in a previous paper by the 
author, (2). Contrary to the current view, but in accordance with the result recently 
obtained by CArANIELLO, (3), only two representations (— if the ambiguity of sign 
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is taken into account) of space reflection were obtained in (2). The reason for that 
will be clear from the considerations at the end of this section, where it will be 
shown that it was due to a certain requirement (— not explicitly pronounced, it is 
true), which seems to be unnecessary. After omitting this requirement a new possi- 
bility will appear. (However, in § 4 it will turn out that this can be used only if time 
reversal is not included in the Lorentz transformations). 

In order to investigate whether a generalization of the representation of space 
reflection a prior? is possible, we try te introduce a constant factor j into the ‘space 
reflection part’ of the spinor transformation in (2), p. 6: 


= — Q* Uy — Mug +Jaug + 7B Ug 
Ug = — €° Uy — Yi Ug + IY Ug + JOU, 

Us = — 90° Uy — Jy" Ug — Pus — EU, 
Uy = —jB* Uy — ja", —Aus — Puy: 


A further generalization is necessary for the investigation of time reversal. The 
spinor representation of rotations of the six-dimensional space has been built up 
(— but not yet published). The calculations are very extensive and, therefore, we 
will not give them here in the general case, but since the special result, which appeared 
after specialization from six-dimensional to five-dimensional space, is very easily 
understood we can use it here without puzzling the reader. 

At first we notice that the ‘Lorentz transformation ’ in six-dimensional space 


A®=at,A’ (yu, v=1,..... 6) 


after the above-mentioned specialization is broken up into the following two parts: 
1) a five-dimensional ‘Lorentz transformation’ 


A'#=q' A’ (16 08 Loans 5) 
2) the transformation 
A'6 =Qq8, A8, 


When building up a spinor formalism by means of the Cayley parameters the 
determinant must necessarily be = +1. Thus 


A,=A, a®, = +1, 


where A, (k =5,6) is the determinant of the ‘Lorentz transformation’ in k-dimensional 
space. 

The investigation of time reversal in five-dimensional space and thus also in four- 
dimensional space (— note that it is discontinuous in five-dimensional as well as in 
four-dimensional space, whereas space reflection is discontinuous in four-dimensional 
space but continuous in five-dimensional space) is now rendered possible, since A; 
can assume also the value —1(a* ,= — 1). 


Is turned out that A; appeared as a factor as follows: 
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tied Ah. 5) is a contravariant five-vector and 
B, = A1+i A? 
By =A! —71 A? 
B,= — A? + At (At = — A,) 
B,= A? + A 
B,=A® 


then the matrix ((b,,)) of the transformation of the B-quantities became (— Cf. (2), 
p. 5): 

pp +a", "A + Bry, Az(p*d + a*y), As(e"p + B*5), 2A, (54 — 9) 

Me+y*B, p*yp + 6*a, A;(A*p + y*a), As(y*e + 6*8), 2A,(0*A* —y*o*) 
((b;2)) =) pre ty", ep + dy, As(p"p +y*y), Az(e"e +6*6), 2A; (dy — ye) 

Mp + a*B, pA + B*a, As(A"A + a*a), As(p*p + B"B), 2A5(BA — ag) 

Veo G&G 6G, sly" A—a*y), A;(d*p — B*e), A;[1 — 2(ad — By). 

After a subsequent specialization from five-dimensional to four-dimensional space 

it turned out that for Lorentz transformations, which by means of a rotation of the 


four-dimensional space can be transferred 
a) to the identical transformation, we have 


a=p=y»=6=0;'A;—A,=1 
b) to space reflection, we have 
y=p=A=e=0; A;=1, Ay= —1 (CF. (2), p. 8) 
c) to time reversal, we have 
w=p=iA=e=0; A, =A,=-1 
d) to space reflection and time reversal, we have 
=B=y=6=0; A;= —1, Ay=1. 


The following special cases are of interest (— for the sake of brevity the ambiguity 
of sign is disregarded): 
a’) identical transformation 
y=gp=-1,A=e=0 
b’) space reflection 
a=1,0=—1,B=y=0 


a=d0=1, B=y=09 


d’) space reflection and time reversal 


c’) time reversal 


p=t,y=—i,h=6=0. 
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The appearance of the factor A, in the matrix ((b;,)) is now easily understood. 
For, owing to this factor, A”(w=1,..... 4) behaves like a four-vector not only 
under the transformations (a) and (b) but also under (c) and (d). 

The aforementioned considerations have nothing to do with spinors (yp, y, a, B, .... 
etc. are connected with the Cayley parameters, which in their turn are connected 
with the transformation coefficients a’,). 

Thereafter the spinor representation of rotations of the six-dimensional space 
was built up. After specialization from six-dimensional to five-dimensional space 
the following generalized spinor representation of rotations of the five-dimensional 
space together with representation of the two types of discontinuous time reversal 
appeared: 

uw’, = —g*u, — Ag A*uegt+jau, +A; 7B ug 


W's ow Wes e"Uu, ve A: YU +7 Us =i A,j0U, 


u's = —§0*u, — Ag jy* ue — pus — Ag EUy 


“a= —4§ Bru = A. ja* Us, —AUg = A; Pug. 


On using the relations between the coefficients of this transformation (— see (2), 
p. 4; it turned out that these relations still hold after the generalization) one finds 
the following expression for its determinant: 


d=[pp —Ae + 97(ad — By)]?*. 
Now, one of the relations just mentioned reads as follows: 
pp—det+ad—By=1. 


Thus, if we require that d =1(—i.e. the usual requirement of modularity of a 
spinor representation) for a general rotation of the five-dimensional space, it is 
necessary that 72 = 1. 

However, if the world is four-dimensional and we, therefore, consider only those 
spinor transformations, which correspond to four-dimensional Lorentz transforma- 
tions (—ve. the transformations a, b, c, d in the preceding), one of the following 
two cases must occur: 


a, d) a=B=y=6=0, whence yp —Ae = 1 
b, ¢) y =p =A =e =0, whence ad — By =1. 


It is seen that the unimodularity is secured, even if the less restrictive condition 
j* = 1 is satisfied. 

If 9°=1, those spinor transformations, which correspond to. the two types (a) 
and (b) of four-dimensional Lorentz transformations, can be continuously transferred 
into each other by means of rotations of the five-dimensional space, but if 72 = —] 
they cannot. 

The result obtained by the author in (2), that only two representations of space 
reflection (— corresponding to 72=1) are possible, is obviously due to the method 
of employing the five-dimensional space as a continuous conjunction between the 
identical transformation and space reflection. 
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In the following we do not require a corresponding continuous conjunction also 
in the spinor representation, and therefore we start with the condition 


ie 


(However, we cannot suppress the feeling that the condition j2 = 1 is more attractive 


from a mathematical point of view) 


§ 3. Construction of vectors and scalars 


Let wu and v be two four-spinors. 
On using the formula’ for the matrix ((b,,)), where, on account of the limitation 
to the four-dimensional space, either a= =y =6 =0 or p=y =A =e =0, it can 
be seen that the following bilinear forms 
AE 41705 1 Ug Uy 92g | — 92 Uy Ve 
A? = 1 (Uy V3 — UgVg — J?Ug 0 + J? Uy V2) 
A® = Uy 0g — Ug +5? Ug V2 — 9? UgVy 
A* i, Uy + Uys — 97 Us Vy — 77,0, 


behave like the components of a contravariant four-vector. 
Now we notice that if the spinor transformation is written in concentrated form 


and we introduce the notation 
Us 


then w is transformed according to 
w'=A,Tw. 


Thus, if in the four-vector A, wu is replaced by w, all the coefficients a“, of the 
transformation are multiplied by the factor A;. For the quantity C so obtained we 
introduce the name quasi-vector. (Compare the name pseudo-vector, if the factor 


A, appears). 
C1 = Gi, Vg + UgV, + Hg Vy + Uy05 
C2 pe ke 4 (Uy Ve a Un V4 = UgV4 a3 U,V) 
cs =a Uy Vy UV U3 V3 a UgV4 


C4 = G04 + GgVe + UgUg + Uy. 


(If time reversal is disregarded, C behaves like an ordinary four-vector). 


Further it is found that the quantity 


N = Uy Vg — Ug, +92UgV4 — 77Ugds 
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is transformed according to 
n’=Agn. 
Thus, 7 is a guasi-scalar. - 
Then, on replacing u by w, it is seen that 


m =U V3 halt UoV4 - Us3Vy, ae UgVo 
is a scalar. 


§ 4. Lagrangian, wave equations and Beat propre: of the wave 
function: 


At first we notice that the quasi-scalar » vanishes for v = u. A theory with quasi- 
invariant. Lagrangian can therefore describe only particles with vanishing rest- 
mass. Since the Lagrangian cannot be invariant for some particles and quasi-invariant 
for other particles, we conclude that it must be invariant. Thus A (— and not C) is 
to be used, when constructing that part of the Lagrangian, which contains the 
derivatives. The differentiation symbol 0,( = @/@z*) is therefore to be put between 
the two factors in each term of A”, and then v is to be equated to uw. On summing 
with respect to mw it is seen that the case 7? = — 1 gives a four-divergence. Thus only 
the case 72 =1 can be used. From that we infer that A vanishes for v = uw. Thus C 
must be used, when constructing that part of the Lagrangian, which contains the 
electromagnetic interaction. From that we conclude that the electromagnetic 
potential U must behave like a quasi-vector. (Cf. CAIANIELLO, (7), p. 752). Finally 
we notice that there are two possible forms for the Lagrangian, since that part 
which contains the derivatives is complex. The two cases can be treated simul- 
taneously by introducing a quantity k, which can assume the values+1 and +7. 

The Lagrange density to start with is then 


= tk8{u[(A, + 104) Us + (3 + G4) Ug] + Ug [(A, — 10) Ug — (83 — 04) Us] + Ug[ — (0, + 
my Uy + (Os — O4) Up] + Ul — (A, — 1p) Uy — (05 + Og) U,] } + compl. conj. + 2ix (a, us — 
— Ugly — Ugly + Uy Ug) + 204 (ty Ug + tigty + tig uty + Ugug) — 2 U gt (Ug — Gu, + 
+ ig Uy — thy Ug) + 20 3 (ty Uy — Ugg — tig lg + tigty) + 20 4 (ty + Gg tg + Ug Ug + UU). 


(The coupling factor is included in U rs 
The following wave equations are derived from L: 


(0; pie bes (03 — 04) Ug + tk(U, +i U,) %, — tk(U; — U4) Gg — kx ti, =0 
(0, — 102) Ug + (05 + Oy)u + 1k(U, —iU,) tg + ik(U, + U,)t, + kxai, =0 
aon ) Ug + (85 + 04) Ug — tk(U, + iU 4) tig — tk (Ug + Uy) a, — kx tis =0 
(0, — 104) Ug — (O85 — O)ug —ik(U, —iU,) a, + ik(U, — U,) a, + knit, =0. 


In order to obtain a gauge invariant form of the theory (— or to write the equations 
as Dirac equations) the following substitution is suitable: 


Pi=uy—-khiy 
Pz = Uz —k tig 
Ps = Us +k ty 
Pa =U th vy 
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1.€.% 


g=u-—kw. 
Hence 


(D, +4 D2) p, — (D3 — Dy) y2 — xy = 0 
(Dy — 7D 2)p2 + (Ds + Di)g, + x93 = 0 
(D, + t.D,)y3 + (Ds + Dy) yy + xq. = 0 
(D,— 1 Ds) py — (Ds — Di) p3 — x, = 0, 


where D, stands for 0, —1 U,. 
A more familiar form is obtained by means of the subsequent substitution: 


Y1 =Y1-— 13 
Yo = Pot te 
Y= Pit t@s 
Va = Pa UP 


Hence 
(D, +a-D +ixB)y =0, 


where a, Gs, a3, 8 are the usual specialized Dirac matrices: 


(= 8 ts 0 
Ak = ) = 
* Nox 0 AO 
-() ioe ee a 10 
SRO Gr ep er Cie bok al PO aT 


On inserting in the gereralized spinor representation the values of A,, a, 6, y, 6, 


y, p, A, € given in § 2 for the special transformations a’, b’, c’, d’ we infer that these 
transformations induce the following transformations of y: 


a’ (x>x, tt): yoy 
b' (x >— x, tt): y>— shy 
c (xx, t>-1t): p>—jhasayp = —jkaza,Ky 
(K denotes the operation of complex-conjugation). 
d! (x>— x,t>-1): yor kBa,a,Ky 


(We remember that 7? = 1, k* = 1). 

In order to investigate the charge conjugation we consider the wave equations 
in the u-variables. It is readily shown that these equations remain invariant, except 
that U changes its sign, if u,—> + thiiy, Up—> + thls, ug —> + tht, Ug—> + tht. Thus, 
charge conjugation corresponds to the following transformation: 


ch: poy"=tikpa,Ky 
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For later use we calculate the transformation composed of time reversal and 
charge conjugation: 
ce +ch: prt jtaagashy 


§ 5. Comparison with the results of other authors 


Ever since 1936-37, when the papers by PavLt, (4), and Racan, (5), appeared, 
it has been customary to believe that the following four representations of space 
reflection are possible with consideration to the theory of relativity: 


yosBy, 
where 0, = +l or= +1. 

Recently it has been pointed out by Youne and Tromno, (6), and by CAIANIELLO, 
(7), (8), (9), that the number of possible values of @, is of importance when investigat- 
ing the possibility of a universal Fermi-type interaction. Youna and Tromno have 
based their investigation on the possibility of assigning the four values +1, +7 
to 0,, whereas CAIANIELLO has excluded the values +7. This latter view is in agree- 
ment with the result of our present investigation, where the case 7? = — 1 actually 
has become excluded. However, it must be kept in mind that this result will not 
hold, if it appears in the future that considerations connected with time reversal 
have no physical basis. For then the difference between vectors and scalars, on the 
one hand, and quasi-vectors and quasi-scalars, on the other hand, will disappear, and 
we can construct a Lagrangian, starting from C and m in § 3. But since neither C nor 
m contains the phase-factor 7 we cannot exclude the values 7 = +7. From our point 
of view it is important for the question, whether time reversal shall be included in 
the Lorentz transformations, that different assumptions as to the number of represen- 
tations of space reflection are made when investigating the possibility of a universal 
Fermi-type interaction. (In this connection it may be mentioned that if it appears in 
the future that the neutrino is described by the Majorana abbreviation of the theory, 
then time reversal cannot be included in the Lorentz transformations. For it is 
clearly seen that if A; could assume the value —1 no identification of the wave 
function with the charge-conjugated wave function could be made). 

CAIANIELLO’S arguments for excluding the values 0, = +7 will now be mentioned. 
In (3) he has employed the five-dimensional space as a continuous conjunction between 
the identical transformation and space reflection. As explained at the end of § 2 
in the present paper we do not believe that the values +7 can be ruled out by such 
considerations. In (9), p. 341 he has given another argument, based on requirements 
as to commutativity between operators. We have not analysed this argument, 
but we have noticed that considerations connected with time reversal also enter _ 
there. We have found it very interesting that our method of employing the spinor 
calculus gave rise to the same result. 

Concerning the representation of time reversal the following two views are found 
in the literature: 

The components of y are transformed into the components of 1) y, 2) y*. 

1) The former view: 


The following four representations of time reversal are possible with consideration 
to the theory of relativity: 


YO, a a,a3hy, 
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where the phase-factor 9, can assume the values +1 and +2. 

As to. this view we refer again to the papers by Pauxi and Racau. (See also Pautt, 
(10), p. 221). A consequence of the above-mentioned transformation is that »* B y, 
and thus also the Lagrange density, changes its sign under time reversal. (The 
difficulty which then arises when the contributions of integral spin fields are also 
considered, has recently been discussed by ScuwiNnGER, (11).) 

It is readily seen that p* f y is identical with the scalar m in § 3 of the present 
paper, and that the above-mentioned transformation is, in the main (— i.e., if the 
phase-factor is disregarded), the same as that found at the end of § 4 (time reversal 
+ charge conjugation). We cannot therefore accept the Pauti-RacaH view. 


2) The latter view: 


On considering the degeneracy of stationary states in quantum-mechanical 
problems with an odd number of electrons, WIGNER, (12), has been led to represent 
time reversal by an operator composed of a linear transformation and a transition 
to the complex conjugated wave function. So far as we know, this point of view 
is not very often met with in the current field theories. 

This latter view is obviously in agreement with the result of our present investiga- 
tion. 

It should be noted that CartaNrELLo in (9) considers the type y—o,0,0,K p 
(— called WIGNER type) as well as the Pauti—Racau type of time reversal. He also 
‘points out that the one type can be obtained from the other on multiplying by the 
charge-conjugation operator. However, this lack of clarity as to the terminology 
is not found in his preceding paper, (8), where time reversal is represented solely 
by the WIGNER type. 


SUMMARY 
Method: 


The Lagrange formalism in connection with a consistent use of spinor notation. 
(The spinor formalism is built up by means of the Cayley parameters). 


Results: 
1) Number of possible representations of space reflection (x—>— x, t—>1): 


RE 


If time reversal (x > x, t > — t) 


is is not 


included in the Lorentz transf. 


Customary view ........ 4 4 
Caianiello’s result....... 2 2 
Ourmresulticeeeee otis 2 4 


It is seen that CAIANIELLO’S statement in the first column, based on considerations 
quite different from ours, is verified. 
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2) It is found that to each representation of space reflection there correspond 
four possible representations of time reversal. The components of p are transformed 
into the components of y*. (WIGNER type). 


Department of Mechanics II, Royal Institute of Technology, Stockholm, No- 
vember 1952. . 
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Communicated 8 October 1952 by Erik Hunruin 


A *4A—*II-system in germanium hydride (GeH) 
By Bener KLEMAN and Erik WERHAGEN 


With 2 figures in the text 


A rotational analysis has been made of a violet bandsystem 3'700—4 200 A which is emitted 
from a King’s furnace containing germanium and hydrogen. This system proves to be a 
24-77 ground-state transition of GeH. The 74-term is regular with small multiplet-splitting 
and the */J-term regular and near case a. The ?A-term is predissociated at about K = 22 in 
v=0 and K = 12 in v=1. The calculated constants are in good agreement with what can be 
expected from the corresponding transitions in the hydrides of the carbon group. In addition 
to this violet system there is an extended red system 5 400—7 000 A. 


Introduction 


No band-systems belonging to GeH have, as far as is known to us, hitherto 
been reported in the literature. From the knowledge of the spectra of the 
other hydrides in the carbongroup it can be predicted that the strongest system 
in GeH will prove to be a 74 —7JI-transition around 24000 cm ?. It is algo 
highly probable that GeH has a weaker 7X —?//J system in the red analogous 
to SnH (1). 

From a King’s furnace containing germanium and hydrogen we obtained in 
emission two band-systems, one violet system and one red system. The violet 
system is in this paper identified as the 7A —*/7 ground-state transition of GeH. 
The red system, of which the analysis is not yet completed, will be treated in 
a later paper. 


Experimental 


As light-source a King’s furnace (2) was used. The dimensions of the heating 
graphite tube were: length 80 mm, diameter 21 mm and wall-thickness 0.9-1.0 mm. 
In the middle of the heating tube a small graphite ship containing germanium 
was inserted. The furnace was then filled with hydrogen to a pressure of about 
half an atmosphere. The temperature was kept at 2 300—2 350° CO, corresponding 
to a current of about 800 amp. through the heating tube. The lifetime of the 
heating tube at this temperature was between a quarter of an hour and half 
an hour. In the final exposures four tubes were used, and the ship was refilled 
with about one gram of germanium each time. 

A 21-foot concave grating was used in the first order (dispersion ~ 1.25 A/mm). 
All exposures of the violet system were made on Ilford Zenith plates. 
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Appearance of the bands 


The most marked heads of the bands in the violet system which are degra- 
ded to the red are: 


AA Estimated intensities : 
3.718.6 ®Ry, (1—0) 1 
3 727.8 R, (1-0) 2 
3728.8 ¥0., (1—0) 2 
3 845.5 R, (1—0) 1 
3 854.4 °Ri. (1-0) 2 
3 874.4 SRy, (0—0) 5 
3 897.6 R, (0-0) 10 
4015.3 R, (0—0) 6 
4 037.2 °Ri. (0—0) 10 
4135.7 R, (1-1) 1 
4147.7 °Rys (1-1) 2 


The appearance of the 0—0 band is shown in Figure 1. The careful measure- 
ment of the lines in the comparator is made difficult by their being somewhat 
broad and diffuse. There are several reasons for this. The broadness of the 
lines is due to the lightsource. There are several germanium isotopes, the com- 
ponents of which are not resolved. Owing to the smallness of the A-splitting 
in I7s,,, the splitting is not clearly resolved until K’’=16. There is also a heavy 
overlapping in the heads of the bands, especially in the R- and *Q heads of 
(0-0) ?A — 777. 

The lines in the (1—0) and (1—1) bands are rather weak and of diffuse ap- 
pearance, the latter probably due to isotope-splitting. 

The intensities of the branches are in the order Jg>Ip>IJp. The satellite 
branches are of about equal intensity with the main branches. The °P,,-branch 
is the weakest branch in the bands. 

The wave-numbers of the lines are given in Table 1. 


2]7-state 


The A-splitting in the *//-state is the typical one for case a. This makes 
possible the statement that the *J7-term is regular. The constants for the 


A-splitting in v=0 are determined from the case-a relations by MULLIKEN and 
CuRIsty (3) 


"IT, : A vac = + Py (J +4) 


*TTs), : Axa= - (2 a =“) (J —3) (J +4) (J +2). 


The rotational constants for this state are calculated by using Hill-van 
Vleck’s expressions for the rotational energy of a doublet state: 
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J=K+4 F,(J)=By[(J+4)?— A?-4V4 (J +4)? + Y (Y—4) A]—-D, J 
J=K-4 F,(J)=Bo[(J+4)?— A? +44 (J +4)? + Y (Y—4) A*]—D, (J +1), 
where y=. 


The coupling constant A is determined by solving Y in the equated expressions 
for the separation in the J-doublets F, (J) —F, (J)=B,V4(J +4)2+ Y(Y-— Ay A®, 
B, and D, are calculated graphically from the second differences 


Ay (Fict+ Fiat Foc+ Fea) 
4 


(ALE (J) lean = =4 B, (J +4)+8 Dy (J +4)°. 


In the level v=1 the first differences of F, are used to calculate an effective 
B-value of the JJs,, component. This is slightly higher than B, according to 
the relation (4) 


2, 
B,= By 0), a a . 
@e is calculated from the origins of the bands (see later paragraph) using the 
Felation wet =3 Be. 


2 A-state 


The ?A-state is predissociated. Due to the thermic nature of the light-source 
the break in intensity is not abrupt. The intensity vanishes at about A’ =22 
in v=0 and K’=12 in v=1. On account of the strength of the 0—0 band, it 
is probable that the predissociation-limit in v=0 to be comparable with that 
in v=1 should be put somewhat lower. 

pe ads FGI 4s FT Ves 

(J +4) (oe) 
(J +1)? respectively it shows that the curve is straight only up to about J =15. 
This departure from the straight line is interpreted as an incipient depression 
of the levels at the predissociation limit. The constants By and D, are calculated 
from the straight part of the curve. 

The coupling conditions are studied from the separation in the K-doublets 
A F (K)=F,(K)—F,(K). We attempt to express this separation by 


A F (K)= Bj. (K) +f, (4), 


is plotted graphically against (J +4)? and 


where Bf, (K) is the part resulting from the (LZ, S) coupling. This is obtained 
| 4—Y)A 


by expanding the Hill-van Vleck’s expressions, letting z= 4 


fe (K)=5 (Antes ara rat (ee) | 


Ba, (eval enrol 
+ 798” (eat et 
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7) 5 10 is 20 25 


« 


Fig. 2. The separation in the K-doublets 4 F (K)=F, (K)—F- (K) and i (K)=y (K+4)+::- 


The dominating term in /,(K) should be y(K+4), resulting from the (K, S) 
coupling. The two parts are separated in the following way. An approximative 
value 7 for y is obtained from A F(K) in the region K=8—16. We subtract 
7y(K+4) from 4 F(K) and solve Z from the equations A F(K)—7(K+4)= 
=B fz (K); (K=3-—10). Z is then extrapolated to K+4=0, giving z= Y (4— Y)= 
= 3.80. y is obtained as the slope of the straight part of the curve 


}, (K)=4 F (K)— Bf, (K)=y(K+4)+-+ 


For Y two roots are obtained Y,=1.55 and Y,=2.45, giving 4=10cm™ and 
15cm™' respectively. Of these we prefer the first one, 4=10cm~}, since it 
seems from the first lines in the bands as if the lowest level J =3/2 belongs 
to F,. 

The A-doubling in the *4-state is not detectable in the differences. 


Origins of the bands 
The origin of a band is calculated in the following way. 
[F (J)] mean = Ty + By (J +4)?— +, 
where [F'(J)] mean is the mean of Fie, Fia, Foc and Fog 


Vao = T> 3 To p [Q (J)] mean (By oe B; ) (J * 4)° a fe a8 (J)] mean (By te Be (J+ 4)*. 
M9 is extrapolated to J+4=0, giving Yoo: 

For the (1—1) band this method can not be used, since the 2A —2/7 4 sub- 
pane has not been measured. The origin is instead calculated from the following 
relation 
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1 102 (Ts ?Ota (T)mean + 32 VET HHL IY” (YA) — (Bi BY) (+9), 


where ¥,, must be extrapolated to (J+4)=0 to give 74, The coupling constant 


in *J7 A’ =B;'Y" is here taken from the level v=0. 


Constants of the 7A —*IT system 


Origins in wave-numbers 


i] 
’ | 
vw fv" 


=. 
0 25 179 
l 26 366 24 530 
277 
Bo = 6.633 cm! | a =0.174 em~2 re =1.591 A A” =892 cm! 
Tt Le J — = -_ 
By =6.458 > Do =3.28-10°* em + | we =1876 cm * |v=0) py =0.483 em! 
RE a 
Be =6.720 » D, =412*10-* 4 | qo = 0.0060 » 
2A 
l 
ahs il , =i , , =| 
Bo = 6.242 cm Xe = 0.620 cm fe = 1.611 A 6 A’ =10 cm 
/ , a = £2 = * 
Bi =5.622 » Do= 6.49: 10 * em? We=1227 em! |” y = 0.472 em" 


B,=6.551 » Dy =8.72°107* » 


Doe 


hited 


Physical Institute, University of Stockholm, September 1952. 
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er 
Communicated April 1952 by 8. Navcxrorr and G. Boretrus 


Influence of air pressure on the velocity of ejected 
explosion gases 


By C. H. JoHansson! and Sten LyunNcBERG! 


With 7 figures in the text 


Summary 


The ejection velocity of the explosion gases from the end area of charges in glass 
tubes has been determined at different air pressures from 0.5 mm Hg to 25 atm. The 
causes for the great velocities obtained at low pressures have not yet been clarified 
in detail, but they are certainly connected with the finite length of the reaction 
zone. When the detonation front reaches the end surface of the explosive, the intact 
parts in the reaction zone are accelerated to a high particle velocity, and when deto- 
nating, cause an increased front velocity. 


In an earlier investigation has been established, that the velocity with which the 
explosion gases escape from detonating charges, is to a high degree dependent on the 
pressure of the surrounding air (1). The present investigation gives a quantitative 
relation between air pressure and velocity. 


Experimental arrangements 


The investigation was carried out with cast charges of 40 percent TNT and 60 
percent PETN with a diameter of 15 mm and a length of 80 to 100 mm. The speed 
of detonation and the front velocity of the explosion gases were determined with a 
camera with rotating mirror. Fig. 1 shows the arrangement of the charge and the 
camera. The slit in front of the charge had a width of 0.3 mm. Fig. 2 shows the glass 


Rotating 
mirror 


rereen with slit 


Charge 


Film 


Fig. 1. Arrangement of charge and camera. 


1 Nitroglycerin AB., Physical Research Department. 
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To air pump 
S, i 
& | |——Glass_ tube 
1 pF Charge 
5000 volt 
Rubber plug 


Detonating cap 


Fig. 2. The charge and circuit diagram for initiating and synchronizing. 


tube with charge and detonating cap, the connection to the air-pump and the cir- 
cuit diagram for initiating and synchronizing. The cap was ignited by the discharge 
of a high-voltage condenser. The switch §, is connected to the shutter of the objective 
so that it closes when the shutter obtains its greatest aperture, and §, consists of a 
rotating contact on the mirror axis which synchronizes the initiation with the position 
of the mirror. Each charge was cast in the same glass tube which was used in deter- 
mining the velocity and thus filled up the glass tubes well. Fig. 3 gives an example 
of a film taken at a pressure of 12 mm Hg. 


Results 


By graphic derivation of the traces of the light-emitting front on the films, the 
front velocity has been determined as a function of the distance from the end sur- 
face of the charge. The diagram in fig. 4 represents the velocity of the light-emitting 
front as a function of the distance at different pressures. The velocity decreases with 


Explosion 
gases 


Charge 


Fig. 3. Film obtained at 12 mm Hg. 
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km/s 
Velocity of the explosion gases 


20 SA 


mm Hg 
B\ 
1s = 0,4 
C) 2 
16 -@ x o 
_~ O O % i 
U a 7B Ses 
iy o— ee = 
J : 0 5 
e) ® 
() Q OQ U 
O 
12 : 0 (2 
10 P a2 
0 0 100 
a eS 0100 
8 Velocity of a—~ _—>~- 50 
A (60 
detonotion a —~— _Y 200 
+{_—— Q N760 
~——==§ 760 (3 tests) 
6 \760 
w 3,8 atm 
8 _ : 2 6 atm 
4 —— —s 10 ro 
& 8 « 
2 
0 
2 (e) 2 4 6 8 10 cm 


Fig. 4. Velocity of the explosion gases as a function of the distance from the end surface. 


the distance, and most of the curves are concave toward the abscissa at small dis- 
tances and convex at greater distances. Certain curves have, however, a different 
course. The cause for this has not yet been made clear. Possibly the velocity and its 
decrease with the distance are sensitive to the shape and character of the end sur- 
face. Fig. 5 shows the initial velocity as a function of the air pressure on a logarithmic 
scale. In the diagram a curve is also drawn for pressed TNT, calculated without 


1 According to a calculation by S. Petersson. 
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= 0 1 2 3 4 logp 
0,1 1 10 100 1000 mm Hg 


Fig. 5. Velocity of the explosion gases at the end surface as a function of the air pressure. 


Band % resp. 
2 
! 
1 
H 
Explosion | Reaction{ intact 1 
: gases zone | explosive 
0 Po x 
Detonation front 
va! Intact 
na explosive 
0 ae 
Ui 1 05 0 Po /P, Explosion gases \Reaction zone 
Fig. 6. Conditions in the reaction zone as a Fig. 7. Course of pressure in a detonating 
function of the rate of freed heat to total bar of explosive. 


explosion heat according to Eyring, Powell, 
Duffey and Parlin. 


regard to the reaction zone. A corresponding calculation for a composition of TNT 
and PETN would probably have given somewhat higher values, but the non-agree- 
ment, especially at low pressures, probably depends only to a small degree on the 
difference in explosives. 

The cause of the great increase of the front velocity with decreasing pressure is not 
clear in detail, but it is certainly connected with the finite length of and the extreme 
conditions in the reaction zone. Fig. 6 shows according to Eyrinc, PowELt, DurFrEY 
and PARLIN (2) pressure, density, temperature and particle velocity in the reaction 
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zone as a function of the fractional part of the total quantity of explosive which has 
detonated, or, in other words, as a function of the quantity of heat made free in 
relation to the total explosion heat. Fig. 7 shows the pressure curve for a detonating 
bar of explosive.t The fall of pressure behind the front has been marked with dashes, 
as the functional relation between Q/Q,,, in fig. 6 and the x-coordinate in fig. 7 are 
unknown. The condition calculated according to Rankine-Hugoniot occurs at the 
back of the reaction zone, where the whole of the explosion heat has been freed. It 
is especially noteworthy that pressure and particle velocity are twice as large in the 
proper front. When the detonation front reaches the end surface of the explosive 
the parts of the explosive in the reaction zone which are intact are accelerated to a 
high particle velocity and, when detonating, cause an increased front velocity. Dr. 
H. SELBERG, who drew attention to this possibility, has estimated a front velocity 
exceeding 20 km/sec at low pressures.” 


The present investigation has been supported by a grant from the Swedish Council 
for Technical Research. 
Stockholm, April 1952. 


LITERATURE. 1. C. H. Johansson. The state of detonating explosive and the velocity of 
the ejected gases. Kungl. Svenska Vetenskapsakad. Arkiv f. fysik 1 (1950) 563-567. — 2. H. 
‘Eyring, R. E. Powell, G. H. Duffey and R. B. Parlin. The stability of detonation. Chem. Rev. 
45 (1949) 69-181. 


1 Compare C. H. Jowansson (1) Fig. 4. 
2 Verbal communication. 
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Mitgeteilt am 3. Dez. 1952 durch I. Wartrr und H. Normnper 


Negativer Durchschlag von Luft in der Funkenstrecke 
Kugel-Platte bei Stosspannungen 


Von W. PucHER 


Mit 4 Figuren im Text 


UBERSICHT 


Es wird eine Formel abgeleitet fiir die negative Durchschlagspannung von Luft 
der Funkenstrecke Kugel—Platte bei Atmospharendruck, die mathematisch sehr 
einfach anwendbar ist und eine iiberschlagsmassige Berechnung der Durchschlag- 
und Koronaspannung auch fiir grosse Funkenstreckenlangen erlaubt. 


Im Folgenden werde der Versuch unternommen, die Durchschlagsbedingungen, 
die bisher immer noch nur fir verhaltnismdssig kleine Funkenstrecken gelten, zu 
erweitern und ihre Anwendbarkeit auch fiir gréssere Klektrodenabstinde zu ermég- 
lichen. Dazu beniitzen wir eine Vorstellung, die schon einige Verwendung gefunden 
hat in der elektrischen Festigkeitslehre [1] und in der Theorie der Korona [2]: Das 
Vorwachsen der Entladung von der Kathode sei als vollkommen gleichwertig 
angesehen mit einem Durchschlag iiber den Teilbereich der Entladungstrecke, der 
bereits von der Entladung iiberbriickt wurde. Dieser wird dadurch vollkommen 
leitend und es resultiert ein Feld, das gleich dem ist, welches auftritt, wenn die 
Kathode um diesen Teilbereich naiher an die Anode herangeriickt wire. Diese Vor- 
stellung auf den Fall Kugel—Platte iibertragen, den wir im Folgenden nur behandeln 
wollen, entspricht einem Anwachsen der Kugel d.h. einer Vergrésserung des Kugel- 
radius bei gleichbleibender Spannung. Mit dieser Ausdehnung der kathodischen 
Kugel geht eine Verainderung des Feldes an der Kugeloberfliche Hand in Hand. 
Das Feld nimmt dabei anfangs ab, durchlauft ein Minimum und wachst mit weiterer 
Anniaherung der Kathode an die Anode iiber alle Grenzen an. Durch die Forderung 
einer bestimmten Mindestfeldstarke im Minimum ist es moglich, zunadchst einmal 
auf rein geometrischer Grundlage eine Bedingung fiir das Eintreten des Durchschlages 
aufzustellen. Erst die Bestimmung der Minimumfeldstarke selbst wird uns — wie 
wir spdter sehen werden — dazu zwingen, mehr iiber die Art des Mechanismus, von 
dem wir glauben, dass er die Entladung beherrscht, auszusagen. Dass die hier 
entwickelte Vorstellungsweise nur auf den Fall negativer Kugel anwendbar ist, 
wird klar wenn man bedenkt, dass praktisch nur den Elektronen eine Beweglichkeit 


zukommt. 
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Gemeinsamer Text zu den 4 Abbildungen 


Durchschlag- und Koronaspannung fiir die Kugeldurchmesser 2 R = 6.2; 15; 25; 50 em: Die 
4 oberen Kurven geben jeweils die Durchschlagspannung, die 3 unteren die Koronaspannung 
wieder. Die schwach ausgezogenen Kurven wurden experimentell gefunden, wobei die schraffierte 
Flache den mittleren Streubereich zwischen 3 prozentigem und 97 prozentigem Durchschlag 
anzeigt. Die stark ausgezogenen Kurven sind nach den Gin. (5) und (8), die strichlierten Kurven 
nach den Gln. (12) und (13) errechnet. 


Zur rechnerischen Durchfiihrung unseres Programmes beginnen wir mit der 
Feldstiirke H lings der Achse der Funkenstrecke Kugel—Platte [3]: 


_V20(8 (f+ 1) +H (f-V] 


Het) —¥ = DE 


mit V =Spannung 
6 = Linge der Funkenstrecke 


j=jl@v-1)+V@p-I8} p=144 


R= Kugelradius 
y = Koordinate lings der Achse, beginnend von der Platte. 


An der Stelle der wachsenden Kugeloberfliche (y = 6) ist dann das Feld 
V 
1 =— 
(1) E==f 
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0 20 40 60 80 100 cm 120 
Fig. 2. 


oder, wenn wir 6 =/—R setzen und unter / den Abstand Kugelmittelpunkt—Platte 
verstehen, 
Vy 


il ee 
(2) B= ¢ qapplt!-R+VQl- RP +8] 


Dieses Feld als Funktion von R# hat ersichtlich ein Minimum fir ein Ry zwischen 
0<R, S11. Die Stelle, an der dieses eintritt, wird bestimmt durch die Gleichung 


dk 


a 0 zu R,=0.491 und die Minimumfeldstiarke selbst zu 


(3) Emin = 3.564 


Damit nun ein Durchschlag wirklich eintreten kann muss E,jn eine bestimmte 
Grosse erreichen, die eine weitere Ionisation in der Funkenstrecke méglich macht. 

Nachdem in der Umgebung des Minimums eine Kugelvergrésserung nur eine sehr 
kleine Feldstarkenverinderung zur Folge hat, praktisch die Feldstarke an der 
Kugeloberfliche also konstant bleibt, werden die Verhiltnisse dort sehr ahnlich 
denen einer Funkenstrecke Platte—Platte sein. Fiir eine solche von einer Lingenein- 
heit nimmt man aber eine Durchbruchfeldstirke von HE = 32.2 kV/cm [4] an. Wir 
wahlen also vorlaufig auch hier 


(4) Emin = 32.2 kV/cm 
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und erhalten daraus zusammen mit (3) die Durchschlagsformel 
(5) V, = 0.281 Emin | = 9.04 1 = 9.04(R + 6) kV. 


Jetzt ist noch der Giiltigkeitsbereich fiir Gl. (5) zu bestimmen, der ihr auf Grund 
der Herleitung zukommt. Voraussetzung fiir unsere Rechnung war, dass sich die 
Minimalstelle zwischen Kugeloberfliche und Platte befindet. Der Gl. (5) kommt 
also nur eine sinnvolle Bedeutung zu fiir Werte von R, die kleiner oder gleich Ry 
sind, d. h. wegen 


Ry =0.491=0.49(6+ R)=R 
fiir alle Kugelfunkenstrecken, die der Relation 
(6) d21.04R 


gentigen. 
Nehmen wir nun andererseits an, der Radius der Kugel sei so gross, dass die Minimal- 
stelle nicht ausserhalb sondern in die Kugel zu liegen kommt 


(7) Ry sRbzw. 6<1.04R 
so wiirde das bedeuten, dass jedes Vorwachsen von Entladungserscheinungen an 
der Kugel — was nach unseren Vorstellungen einer Vergrésserung der Kugel 


selbst gleichkommt — eine Erhéhung der Feldstiirke zur Folge hat. 
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Der Vorgang also einmal eingeleitet, wird nie bei Koronaerscheinungen allein verblei- 
ben kénnen sondern wird unbedingt zum Durchschlag fiihren. In einer graphischen 
Zusammenstellung kommt das dahingehend zum Ausdruck, dass Durchschlagskurve 
und Koronakurve zusammenfallen. Zur Ableitung einer Durchschlagsformel fiir 
Funkenstrecken der Art (7) gehen wir aus von der Gl. (1) fiir die Feldstarke an der 
Kugeloberflache, ohne hier aber 1 = R +6 zu setzen 


i! 
40R 


(la) E {R+26+V(R+26)?+8R 


Nach dem oben Gesagten befinden wir uns jetzt in dem Teil der Kurve EZ = F(R), 
wo # mit wachsendem R monoton zunimmt. Den kleinsten Wert nimmt EF an der 
Elektrode an. Wir kénnen daher dort die Feldstirke in der obigen Darstellung 
als Emin identifizieren und damit ein Durchschlag méglich wird, ihr die friiher 
verwendete Grésse 32.2 kV/cm zuschreiben. So erhalten wir aus (1a) die Durchschlag- 
spannung 


a ee 4 Emin RO 128.8R6 
R+26+V(R+262+8R? R+26+)/(R+26)°+8R? 


Zusammenfassend kann man sagen: Die Bedingung fiir das Eintreten eines elek- 
-trischen Durchschlages der Funkenstrecke negative Kugel—geerdete Platte lasst sich 
formulieren mittels zweier Funktionen (5) und (8) der Form 


V.=1(R, 0), 


in die R als Parameter eingeht und deren Giiltigkeitsbereiche durch (6) und (7) 
bestimmt sind. Formel (8) kann dariiberhinaus auch fiir alle 6 > 1.04 R als Darstellung 
der Koronaspannung angesehen werden, denn sie fordert, dass an der Kugelober- 
flache eine bestimmte zur Stossionisation dort ausreichende Feldstarke herrsche. 
Der Verlauf der Funktionen (5) und (8) ist aus den beigefiigten Abbildungen ersicht- 
lich, die auch einen Vergleich mit den im Rahmen der Arbeit [5] am hiesigen Institut 
von J.R.M. Aucer, E. B. Skounrkorr und L. AszTra.os experimentell gefundenen 
Durchschlagspannungen erméglichen.1 Uber die experimentelle Durchfiihrung der 
Aufnahme dieser Kurven und deren physikalische Bedeutung wurde dort aus- 
fithrlich berichtet. Die errechneten Kurven geben qualitativ den Verlauf der Durch- 
schlagspannung sowie auch Koronaspannung richtig wieder und die Ubereinstim- 
mung ist quantitativ oft so gut, dass nur Abweichungen vom Experiment auftreten, 
die innerhalb der Fehlergrenzen liegen. Kine Abweichung ist jedoch recht deutlich 
fiir die Koronaspannung bei abnehmendem Kugelradius und ein Versagen der 
errechneten Durchschlagspannung fiir die grésste Kugel (2R = 50 cm). Die Ursachen 
dafiir kénnen von verschiedenster Art sein, wenn man bedenkt, von welch einfachen 
Vorstellungen wir ausgegangen sind und sie zum Mechanismus dieser verwickelten 
Vorgiinge im Funken erhoben haben. Die Abweichungen, die auftreten bei Verwen- 
dung kleiner Kugeln kann méglicherweise auch herriihren von dem Einfluss der 
Zuleitungen auf das Feld in der Entladungstrecke, waihrend andererseits fiir grosse 
Kugeln die Vorstellung eines Anwachsens des Radius bereits zu grob wird. Im 


1 Diese Resultate waren bisher unveroffentlicht und ich verdanke sie einer persénlichen 
Mitteilung. 
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Fig. 4. 


ibrigen haben wir den Wert der Mindestfeldstirke ziemlich willkiirlich gewahlt und 
nur eine recht fadenscheinige Rechtfertigung fiir diese Wahl vorgebracht. Es wird 
also vor allem unsere Aufgabe sein im Folgenden darauf naher einzugehen und mit 
Hilfe von bestimmteren physikalischen Vorstellungen Ey»in zu prazisieren. 

Bisher wurde immer stillschweigend angenommen, dass die Feldstirke der einzig 
wesentliche Faktor fiir das Vorwachsen der Entladung ist, und dann eine bestimmte 
solche Feldstirke (4) festgesetzt, die den Durchschlag erméglichen soll. Diese Feld- 
stiirke war konstant fiir jede Art von Funkenstrecke, daher in unserem Fall unab- 
haingig vom Radius der Kugel und der Linge der Funkenstrecke. Weiters wurde 
dem Jonisierungsprozess keine Beachtung geschenkt. Alles dies zeigt schon ziemlich 
deutlich, wie unvollkommen unsere Annahme war. Nun haben die Untersuchungen 
des Entladungsmechanismus bei relativ kleinen Elektrodenabstiinden gezeigt, dass 
die Feldstiirke nur indirekt von Bedeutung ist. Man fand namlich ein Gesetz der 
Form [6] 

K = constans 
(9) i ada=K «= Koeffizient der Stossionisierung 


fiir die Feldstiirke, die zum Durchschlag notwendig ist. Dabei hingt « nach der Art 
(10) a = A(E—B) 


von der Feldstiirke # ab. Gleichung (9) fordert eine bestimmte durch Elektronenstoss 
erzeugte Ladung, die den rapiden Spannungsausgleich erméglichen soll. Die freie 
Ladung in der Funkenstrecke ist also in erster Linie von entscheidendem Einfluss 
auf die Entladung, wihrend die Feldstiirke selbst nur iiber den Zusammenhang (10) 
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sich geltend macht. Aus (9) und (10) ersieht man auch dass unsere Forderung einer 
bestimmten Feldstirke in einem Punkt nicht ausreichend sein kann, da (9) einen 
Integralwert der Feldstarke iiber die Funkenstrecke verlangt. STEPHENSON [6] hat 
gezeigt, dass (9) zusammen mit (10) die naherungsweise Darstellung der Feldstarke 
an der Kugeloberflache 


(11) B= Ket M|/ 2 


mit = Durchschlagsfestigkeit der Luft 
M = Konstante 
o = Luftdichte 
zulasst. 

Mit Formel (11) haben wir wieder zuriickgefunden zur Durchbruchsfeldstiarke und 
k6énnen somit die friiher gefundenen Gesetze mit den hier dargelegten Vorstellungen 
verbinden. Die Feldstarke (11) entspricht vollkommen dem Emin wie es in Gl. (8) 
auftritt und in Gl. (4) definiert wurde. Da nun ferner die zwei Durchschlagsbedin- 
gungen (5) und (8) an der Stelle 6=1.04 R stetig ineinander iibergehen miissen, 
folgt notwendig, dass Emin in beiden Formeln gleich sein muss, d.h. auch in Gl. (5) 
ist Emin durch (11) zu ersetzen. Wir erhalten somit als neue und verbesserte Lésung 


4 (1.112¢+a]/ 8) Ro 


— R+264V(R +26) +8R 


651.04R 


(12) x 
V.=0.281 (uu E,0 +ul/ 2) (R+6); 521.04R 


Voraussetzung fiir die Giltigkeit der zweiten Formel (12) ist allerdings, dass die 
Entladung durch die Gesetze (9) und (10) bzw. (11) noch beherrscht wird bei den 
Elektrodenabstinden 6=1.04 R. Sonst ist der Ubergang dort von der ersten 
Formel zur zweiten nicht in dieser Art moglich. 

Bei der graphischen Wiedergabe der Losung (12) benutzen wir nicht die von 
STEPHENSON angegebenen Werte 


Ey=284kViem M=175 


sondern ziehen PrEKs Formel [7] 

0.54 
13 E=27.2 (1 + oz) 
(13) Ol TOR 


vor, die uns besser den experimentell gefundenen Kurven angepasst erscheint. 
Die zeichnerische Darstellung der Durchschlagspannung nach (12) zusammen mit 
den Werten (13) ist in den Abbildungen strichliert eingetragen. Sie zeigt teilweise 
bessere, teilweise schlechtere Ubereinstimmung mit dem Experiment als unsere 
frither gefundene Kurve, diirfte aber doch im grossen und ganzen der Wirklichkeit 
mehr gerecht werden. Did berechneten Koronaspannungen fallen durchwegs zu 
klein aus, ein Umstand, der darauf schliessen lisst dass die Vorentladungen anderen 
Gesetzen unterworfen sind als der Durchschlag. Wahrscheinlich haben wir es nicht 
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mit einem einheitlichen Mechanismus bei verschiedenen Gréssen der beiden Para- 
meter 6 und R zu tun, sondern je nach Parametergrésse mit verschiedenen in einander 
iibergehenden Entwicklungsprozessen. Eine solche Vermutung wird auch nahe 
geleot durch die experimentellen Durchschlagskurven fiir die Kugel mit 25 cm 
Durchmesser. Bei 6 =58 em verbreitert sich plotzlich das Streuband bedeutend, 
obwohl unseren Rechnungen zufolge dafiir iiberhaupt kein Grund vorhanden ware. 
Die Ursachen hierfiir aufzukliren muss einer eigenen Untersuchung vorbehalten 
bleiben. Trotz dieser hier aufgezeigten Schwachen unserer Formeln kénnen die 
gefundenen Resultate sehr gut als Naherungsformeln in der Praxis fiir vorlaufige 
Orientierungen benutzt werden, da andererseits auch die experimentellen Werte 
stark streuen. 


Die vorliegende Untersuchung wurde von Prof. Dr. H. NortnDER angeregt, dem 
ich fiir seine vielseitige Unterstiitzung zu grossem Dank verpflichtet bin. Ebenso bin 
ich Herrn Dipl. Ing. O. SauKa fiir viele fordernde Diskussionen Dank schuldig. 


Institutet for hégspanningsforskning vid Uppsala Universitet, November 1952. 
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Mitgeteilt am 3. Dez. 1952 durch I. WALLER und H. NortnpER 


Form der Negativen Vorentladung in Luft bei 


Atmosphiarendruck fiir Stosspannungen 


Von W. PucHER 


Mit 5 Figuren im Text 


Ubersicht 


Es werden Berechnungen durchgefiihrt, die das Deuten photographischer Bilder 
von Vorentladungen der Gasentladungsstrecke Kugel—Platte erleichtern sollen. 
Eingangs wird die Frage untersucht, welche die vorherrschenden Krafte sind, die 
magnetischen oder die elektrischen, und dahingehend entschieden, dass die ersteren 
gegeniiber den zweiten praktisch vernachlassigt werden kénnen. Dann wird die 
Moglichkeit einer Fokusierung von ,,Elektrodenstielen‘‘ durch die von ihnen aufge- 
baute Raumladung bewiesen und schliesslich die Bahnform einer Elektronenwolke 
berechnet, die sich in Bereichen, wo keine Stossionisation mehr auftritt, im Felde 
bewegt. Dadurch ist es moéglich aus der Bahnform auf die Anzahl der bewegten 
Elektronen zu schliessen. 


1. Kinleitung 


In einer friiheren Arbeit [1] wurde die Entwicklung der Vorentladung experimentell 
eingehend untersucht und dabei gefunden, dass diese in ihrem ersten Stadium 
einen Verlauf zeigt, der in recht charakteristischer Weise in Abb. 1 a zum Ausdruck 
kommt. In Abb. 1b haben wir dasselbe Bild noch einmal schematisch wiedergegeben 
und erkennen daraus, dass der Vorgang von einem Punkt an der Elektrode startet, 
sich dann ausweitet bis zu einer maximalen Dicke (Abschnitt a) um daraufhin 
wieder zu konvergieren (Abschnitt b). Nach der Konvergenzstelle zeigt dann dieser 
sogenannte ,,Hlektrodenstiel‘‘ — beziiglich der Bezeichnungen hier wie im Folgenden 
sei auf die eingangs zitierte Arbeit verwiesen — eine mehr oder weniger starke 
Divergenz (Abschnitt c). 

Ziel der vorliegenden Arbeit ist nun, die Form der Entladung in den Abschnitten b 
und c mit theoretischen Mitteln zu studieren. Dabei werden wir uns der Anschauung 
bedienen, dass Abschnitt b durch das Vorhandensein von Raumladungen charak- 
terisiert ist, waihrend wir den Elektronen, die sich im Abschnitt ¢ bewegen, nicht 
mehr die Fahigkeit zuschreiben, ionisieren zu konnen. 
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Fig. la. 


2. Elektrische und magnétische Kriifte zwischen zwei parallelen Konvektions- 
strOmen 


Um zu einer Vorstellung zu gelangen, von welcher Gréssenordnung die bei Konvek- 
tionsstr6men auftretenden elektrischen und magnetischen Krafte sind und so 
entscheiden zu kénnen, welche von ihnen die ausschlaggebenden sind, mégen sie 
fiir den Fall zweier paralleler gleichgerichteter Strome 


Eve = 0 


(9 =Ladung pro Langeneinheit: v = Geschwindigkeit des Ladungstransportes) im 
Abstand @ voneinander berechnet werden. Der Abstand a sei dabei gross im Verhaltnis 
zum Durchmesser des Querschnittes des stromfiihrenden Volumens. Fiir einen 
Konvektionsstrom (Klektronenstrahl) allein wurde diese Berechnung bereits von 
K. E. Watson [2] sowie von B. v. Borries und J. DosseE [3] vorgenommen und 
zeigte, dass die elektrischen Krifte die magnetischen bedeutend iiberwiegen und 
die letzteren praktisch vernachlassigt werden kénnen. Dass dies auch fiir unseren 
Fall gilt, zeigt nachfolgende Rechnung: 

a) Unter der Voraussetzung, dass die Stréme unendlich lang sind, gibt das Durch- 
flutungsgesetz angewendet auf den Strom 1 (siehe Abb. 2) 
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oT ia 
hoot 
und an der Stelle des Stromes 2 
He yf 1 
ca 


(ZH ist die magnetische Feldstarke; x, y, z sind rechtwinkelige kartesische Koordinaten 
und r, y, z die entsprechenden Zylinderkoordinaten; c = Lichtgeschwindigkeit). 

_ Die Kraft k,, pro cm mit der sich zwei Stréme derselben Starke anziehen ist daher 
nach 


hin == (Ix) 
gegeben durch 
fis 7p ea 2070" 
Clore 
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Fig. 2. 


b) Das elektrische Feld eines Stromes erhalt man aus dem Gesetz des Kraftflusses 
zu 


und daraus die auf die Liangeneinheit des zweiten Stromes wirkende elektrische 
Kraft 


Die Gesamtkraft ist daher 


I 


902 2 
k= he +km=—* (1-5) 
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Fig. 3. 


und somit der Beweis erbracht, dass die elektrischen Krafte die allein vorherrschenden 
sind. Im Folgenden kénnen wir also ruhig von den magnetischen Kraften absehen 
und uns nur auf die elektrischen beschranken. 

Diese Erkenntnis ermoglicht aber eine Aussage, die eine Erscheinung bei Vorent- 
ladungen betrifft: 

Zwei Elektrodenstiele, die an verschiedenen Stellen die Kathode verlassen, sich 
spdter aber vereinigen, tuen dies nicht auf Grund der wirkenden magnetischen Krafte 
sondern allein durch elektrische, herstammend von Raumladungen (Abb. 3). Man 
wird so zu der Vorstellung gefiihrt, dass beide Prozesse nicht gleichzeitig starten 
und somit die Elektronenwolke des zweiten Strahles von der zuriickgebliebenen 
Raumladung des ersten angezogen wird. In Fallen, wo sich zwei Elektrodenstiele 
voneinander entfernen (Abb. 4) deutet dies darauf hin, dass beide Prozesse zur 
selben Zeit einsetzen und vor sich gehen, da dann die an der Spitze fliegenden 
Elektronen das Bestreben haben sich voneinander abzustossen. 


3. Bewegung der Elektronen in dem Bereich, wo durch Stossionisation Raum- 
ladung erzeugt wird 


Wir gehen von der Annahme aus: Hin Elektron startet von der Kathode der 
Gasentladungsstrecke Kugel (negativ)—Platte (geerdet) in der Symmetrieachse der 
Anordnung und erzeugt pro cm zuriickgelegten Weges « neue Elektronen, die 
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Fig. 4. 


ihrerseits ebenfalls befahigt sind zu ionisieren. Auf diese Art entsteht eine Elektronen- 
lawine, die sich in Richtung zur Platte (Anode) hin bewegt, dabei positive Raum- 
ladung auf ihrem Weg zuriicklassend, da ja den positiven Ionen nur sehr kleine 
Beweglichkeiten zukommen. Wir fragen uns nach den Bahnen der Elektronen im 
Bereich b (Abb. 1) bzw. interessiert uns besonders die Bahnform der am Rande 
fliegenden Elektronen. 

Fur die Berechnung bedienen wir uns eines zylindrischen Koordinatensystems 
(7, y, 2) mit dem Ursprung in der Symmetrieachse der Anordnung und an der Ober- 
flache der Kathode und rechnen z positiv in Richtung zur Anode. Ferner machen 
wir noch die vereinfachende Annahme, dass die positive Raumladung nur auf die 
Symmetrieachse konzentriert und daselbst gleichmiissig verteilt sei. Das Potential 
einer solchen belegten Strecke ist aber bekannt und nach ABRAHAM-BECKER [5] 


VW Seok 
(1) pile: z+V2%4+r ’ 


20 2—-2t+V(z—2)*? +7? 
wenn z vom Beginn der belegten Strecke an gerechnet wird und % deren Lange 


ist. Q stellt die gesamte Ladung dar, in unserem Fall also 


F4 
fade 


Q=ee? 


(e= Elementarladung) und Q/z damit die Ladungsdichte auf der belegten Strecke. 
Durch die Annahme einer gleichmassigen Ladungsverteilung kann die zu bewei- 
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sende Fokusierung nur abgeschwicht werden. Die Raumladung liegt namlich nach 
dem Gesetz 
&9 
y| ad2 
o=ene® 


verteilt, ist folglich an der Stelle der fliegenden Elektronen am grossten und hat 
auch wegen der Kiirze des Abstandes die grésste Wirkung auf die Elektronen. 
Aus (1) ergeben sich die zugehérigen Feldstarken 


E,= us 
Me2t+Ve+r* 
(2-2) + V(z se) (1 sue ® (2+ V22+9*) (14 = 
: V2+r Lye 
2-2 +V(e-a%)P +r? 
(2-2 +V(2=%)? +77) se? (2+ Vz? +7?) Z 
E,= Q vt Ve4 Viz—%)Ji+r 


Z2+Ve+r2 2g + Viz —z)*+r 


Nachdem die fliegenden Elektronen sich immer an der Stelle z =z, d. h. am Ende 
der Raumladung befinden, interessieren uns im Folgenden nur die dort herrschenden 


Feldstarken 
Q 1 29 22 
Ez= ——— | ry {1 + ——*_} — (2, 4+. V2 +77) 


1 29 2+Vee +1? V+ 


eS v 1 | Z +) 


12% t+ Veter? (Ve +2? 


Hierin sind nun r und z, die laufenden Koordinaten der Bewegung. Im Weiteren 
wollen wir der EHinfachheit halber wiederum z, durch z ersetzen und wissen was 
wir darunter verstehen. 

Dazu kommt dann noch das urspriinglich gegebene Feld der Konfiguration 
Kugel—Platte [6] 


eect oe 
(3) Koz Arm = (l— z)*F 
Ante j=; [2n-1) +V@p—1? +8] 
ei et 
Be) feel p=lt+s 


(l= Abstand Kugel—Platte; R = Kugelradius; V = Spannung) und die radiale Feld- 
starke der Elektronenwolke, die diese auszudehnen sucht 
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(4) Lig, Oe 


Die Verwendung von (4) bedingt eine Beschrénkung auf den Randstrahl, da diese 
Formel nur fiir den Rand und das Gebiet ausserhalb der Wolke gilt. 

Setzen wir die Geschwindigkeiten der fliegenden Teilchen proportional den 
Feldstirken — der Vorgang spielt sich in Luft bei Atomopshdrendruck ab — so 
gelangen wir zur Bewegungsgleichung 


dr H,+ Ey, 
(5) dz wee 


oder zusammen mit (2), (3) und (4) 


——— — (¢+ V2? +7?) (1-2) 
dr V24+r ( r 


iS) dz etd hl poe B+(l-zP z | 
Mago las Aig uaaF | 


Beschrénkt man sich auf die Betrachtung achsennaher Strahlen (r2 ~0) so verein- 
facht sich (6) zu 


aey 


7 
eas dz E B+ (l—2)? 


> igual} 
Kine Fokusierung des Strahles wird nun dann auftreten, wenn die erzeugte Raum- 


ladung geniigend gross ist, d.h. wenn Q/z vergleichbar mit dem primiaren Feld 
Eoz wird oder wie wir fiir den Beweis das formulieren wollen, wenn gilt 


B+(l-2)? 2 
[B’- (Iz)? Q 


Dann ist (6a) ungefaihr aquivalent folgender integrablen Differentialgleichung 


(7) bes 2 


Z 
=-] 
(8) aos 
e fy 
Z 
mit der Lésung 
(9) 2+77=C? 


Bestimmen wir die willkiirliche Integrationskonstante C durch die Bedingung, dass 
an der Stelle z=Z der Strahl den Radius r= R haben moge, so wird aus Gl. (9) 


A+ r= Z2+ R2 
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Diese Gleichung sagt: Hat der Strahl an der Stelle z = Z, von der an die Niaherung (7) 


gilt, den Radius r = R so ist er an der Stelle z=) Z2 + R2 fokusiert. Damit ist auch 
der Beweis erbracht, dass eine Fokusierung iiberhaupt eintritt. 

Zusammenfassend kann festgestellt werden: Die Raumladung, die von einer in 
Luft fliegenden Elektronenwolke durch Stossionisation erzeugt wird, vermag die 
Klektronen umgekehrt so zu leiten, dass deren Bahnen konvergieren, oder dass 
— die Gesamtheit der Bahnen als Strahl gesehen — dieser Strahl fokusiert wird. 
Dazu ist nicht ein kontinuierlicher Elektronenstrom notwendig, sondern, wie die 
Ableitung zeigt, widerfaéhrt dies bereits der ersten Welle einer Elektronenlawine. 

Uber die Verhaltnisse an und nahe bei der Kathode (Bereich a Abb. 1 b) vermag 
Gl. (6) keine Auskunft zu geben, da sie auf Grund der gemachten Annahmen dort 
die Verhiltnisse nicht richtig wiedergeben kann. Auch ist es sehr fraglich, ob der 
Vorgang so abléuft, dass er in einem Punkt beginnt, dann rasch divergiert um 
schliesslich nach Aufbau einer bestimmten Raumladung wieder zu konvergieren. 
In der Umgebung der Kathode kann namlich auch Photoionisation von kurzer 
Reichweite zu einem bedeutenden Ausmass mitspielen und so die Verhaltnisse im 
Gebiet a verandern. 

Um nun iiber den Wert z = Z eine Vorstellung zu bekommen, sei ein numerisches 
Beispiel angefiihrt. Fiir den Fall: 2R =50 cm; 1 = 96 cm; V = 728 kVolt wird 


Eo22/ Q = 87,5 cm-} bei z=1,5 cm baw. 1/z = 0,66 cm-! 
Eoz2/Q =3,64.10-cm-1 » z=2 cm bzw. 1/z2=0,5 cm-} 
Eo22/Q=5,57.10-6cm-! » z=2,5 cm bzw. 1/z=0,4 cm-} 


also ist bei z = 2,5 cm die Relation (7) auf jeden Fall erfiillt und folglich Z = 2,5 cm, 
ein Wert der gréssenordnungsmassig gut mit den Beobachtungen ([1] Fig. 22) 
ubereinstimmt. Die Konvergenz tritt allerdings etwas zu rasch ein. Den Grund 
dafiir sehen wir ein, wenn wir uns der Vorstellung Rartuers [7] bedienen und 
annehmen, dass die Elektronen in einer etwa kugelférmigen Wolke fliegen, die ihr 
eigenes ‘Potential aufbaut. Dann wirkt auf diejenigen Elektronen, die im vordersten 
Bereich fliegen eine bedeutend gréssere Feldstirke in Bewegungsrichtung ein, die 
die riickwarts wirkende Kraft der Raumladung aufhebt und den Konvergenzpunkt 
weiter hinausschiebt. 


4, Bewegung der Elektronen in dem Teil der Gasentladungsstrecke, wo keine 
neuen Ladungen mehr erzeugt werden 


Abschliessend wollen wir nun noch untersuchen, in welchen Bahnen sich die 
Elektronen einer Elektronenwolke zwischen Kugel und Platte im Gebiet ¢ (Abb. 1 b) 
bewegen, wenn ihre Energie nicht dazu ausreicht neue Ladungstrager zu erzeugen. 

Die Elektronen seien in einer zylindrischen Scheibe konzentriert und dort gleich- 
massig verteilt. Das radiale Feld #,, das dadurch erzeugt wird, beziehen wir angena- 
hert vom unendlich langen Zylinder 


2Q 
(10) Ee 


Dabei ist Q die gesamte Ladung der zylindrischen Scheibe. Dieses Feld iiberlagert 
sich dem urspriinglichen (GI. 3). Wieder unter der Annahme, dass die Geschwindig- 
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Fig. 5. 


keiten der Elektronen proportional den herrschenden Feldstirken sind, erhalten 
wir mit den Gln. (10) und (3) die Gleichung fiir die Bahnform des Randstrabhles 


dr_ 2Q1[B*—(l—2z)f? 
Ue dz rA B*+(l-2z)* 


deren Lésung gegeben wird durch 


B 


~ 1—z,)° ‘ l—z 
(12) pa AO | ro +4 B*(arety arctg 


0 z (l—2)° Qt 

Atl ous B Tr peed 
Hier sind Zp, 7) die Koordinaten des Punktes von dem an wir den Randstrahl verfol- 
gen, der die Elektronenscheibe lings ihrer Bahn einschliesst; 7, z, sind die laufenden 
Koordinaten des Randstrahles. Gl. (12) gibt uns die Méglichkeit aus der Verbreiterung 
des Strahlenbiischels auf die transportierte Ladung zu schliessen. Abb. 5 zeigt in 
recht anschaulicher Weise eine solche Spreitzung des Strahles und gleichzeitige 
Aufspaltung in mehrere Kanile. Mit den Daten des schon frither betrachteten 
Beispieles ergibt sich eine Verbreiterung von 7) = 0,05 cm auf r=1,77 cm langs 
eines Weges von 2) = 3 cm bis z = 12 em bei der Annahme, dass n = 101° Elektronen 
bewegt werden. Diese Elektronenzahl ist bei der hier verwendeten Spannung und 
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Lange der Entladungsstrecke ein kritischer Wert. Fiir Werte n +10" tritt namlich 
eine starke seitliche Spreitzung des Biindels auf. Ein solcher kritischer Wert muss 
natiirlich fiir jeden einzelnen Fall eigens bestimmt werden, da er ja von Spannung, 
Kugelradius, Linge der Funkenstrecke und Lage des Biindels innerhalb der Funken- 
strecke ebharet Schliesslich sei erwahnt, dass eine Auseinanderspreitzung des 
Elektrodenstieles immer verbunden ist mit einer Aufspaltung in mehrere Aste. 


Ks ist mir eine angenehme Pflicht, Herrn Prof. Dr. H. Norinper fiir die Anregung 
und die stete Férderung dieser Arbeit zu danken. Ebenso schulde ich Herrn Dipl. 
Ing. O. Satka Dank fir zahlreiche wertvolle Diskussionen. 


Institutet for hégspinningsforskning vid Uppsala Universitet, November 1952. 
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Communicated 28 January 1953 by BENGT EDLEN 


A release mechanism for cosmic-ray-balloon experiments 
By S. v. FRIESEN and G. LEIDE 


With 2 figures in the text 


Investigations of the cosmic radiation by means of open balloons usually require 
that the instruments get released after a predetermined lapse of time, to descend 
‘by parachute. The release mechanism must not fail even when the loads are heavy 
and the temperature low. The weight of the instruments amounts to 10 to 20 kilo- 
grams in most cases. The forces are often considerably greater a the launching. 
During a flight the apparatus meets varying temperatures somtimes as low as —80° C. 
It is desirable to keep its own weight low. We have designed and built a mechanical 
device, which fulfils the different requirements. 

The load is suspended from a brass cap B, on the inner wall of which a groove 
has been turned. This cap fits over the lower part of a brass tube C (see Fig. 1). 
In C there are three holes opposite to the groove in B. The holes hold steel balls, 
which can be forced into the groove by means of a tapered steel rod which moves 
inside C. If the steel rod is kept pressed down the balls prevent the cap from falling 
off. When the rod is lifted, on the other hand, the pressure on the balls from the 
cap and its load, forces the balls back into the holes, so that the load gets released. 
The rod must press downwards with a certain force to counteract the forces exerted 
by the load. The force on the rod can be made quite small by a suitable choice of its 
taper. For our loads which have been of the order of 10 to 15 kilograms the top 
angle of the rod has been 75 degrees. 

The time is set by means of an alarm clock. This clock is mounted on an aluminium 
disc close to the side of the tube in such a way that the cogs of the springwheel for 
the alarm engage grooves in the upper part of the steel rod (Fig. 2). When the alarm 
starts the rod is lifted and releases the load. It is convenient to use a 24 hour clock, 
since an ordinary alarm clock does not allow exposures of more than 111/, hours 
duration. 

The clock and the other parts of the mechanism are enclosed in a cylinder of some 
suitable light material e.g. pertinax. The aluminium disc forms the bottom of the 
cylinder and a similar disc acts as a lid. The discs are joined by three brass rods 
symmetrically arranged round their circumference. In the lid there is a ring for the 
strings from the balloon dirctly opposite the brass tube. 
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Fig. 1. Cross section of the release mechanism. 


Fig. 2. Release mechanisms and alarm clocks mounted on the end plates of the protective covers. 
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Precautions must be taken to prevent the clock-work from being stopped by the 
low temperature. For flights which take place during day-time it is sufficient to paint 
the lid and cylinder black and to wrap the apparatus in some layers of poly-ethylene. 


The radiation from the sun will then keep the clock warm. For night-fligths all 
oil must be removed from the clock. 


This mechanism has been tried in several flights by the physical laboratory of 
Lund university and it has always functioned in a very satisfactory manner. 


The Physical laboratory, University of Lund. Lund. Dec. ol, 1952, 


Tryckt den 12 mars 1953 


Uppsala 1953. Almqvist & Wiksells Boktryckeri AB 
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Communicated 14 January 1953 by Errk Huiruin 


A “x —*Il-system in germanium hydride (GeH) 


By Benet KLeMAN and Ertk WERHAGEN 


With 2 figures in the text 


In the band-spectrum of GeH emitted from a King’s furnace there is a red system 
in the region 6 000-6 650 A. A rotational analysis has been made, from which we 
conclude that the system is due to a transition froma‘ -state to the 2I]-ground-state. 

The appearance of the system is in good agreement with the theoretical observa- 
tions by Budé and Kovacs regarding such a transition. The splitting in the 4 -term 
is rather considerable, and is only approximately described by a constant A for the 
spin-spin interaction and a constant y for the magnetic interaction between K and S. 


Appearance of the system 


The existence of a red system in the band-spectrum of GeH has been briefly men- 
tioned by us in previous reports of the 7A—*IT system (1, 2). The red system was obtained 
with the same method as the violet system, with a King’s furnace in emission (~ 2 300° 
C) (2). It was photographed in the first order of a 21-foot concave grating in Hagle 
mounting (dispersion ~ 1.15 A/mm) and with Kodak 103 a F-plates. The effective 
exposure time was about 70™ and the hydrogen pressure was kept at about 400 mm 
Hg. 

After sorting out bands due to impurities (among others CaH) it proved that the 
extension of the system had been exaggerated in the previous reports. There remained 
only two bands with their easily recognised origins at about 15 370 and 16 245 em-}. 
The bands are rather weak and have no obvious heads. A feature common to all 
branches is that they show very small second differences between successive lines. 
The band at 16245 cm-! has only two branches of acceptable strength. Of these, 
the red one is rather strong. In the band at 15370 cm~! there are three dominant 
branches of about equal strength, two to the violet and one to the red. The one to 
the red is accompanied by a weaker branch. In addition to these branches, there 
are in both bands several others which are only just measurable. The region of 
the bandsis entirely free from impurities of the same strength as the stronger branches. 
The bands are overlapped by a continuum which makes the measurement of the 
weakest branches difficult. Despite this, repeated measurements and the analysis 
show that the accuracy of the measurements of the band-lines is better than it was 
for the 2A—*II-system (2). No isotope-splitting of the band-lines is detectable. We 
refrain from publishing a photograph of the bands, since their weakness and the 
overlapping continuum do not permit of an acceptable reproduction. 
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Fig. 1. Energy level diagram of 4 —*IIreg after Budé and Kovacs (4). The c and d notations of. 
the A-split levels in *II are those used for GeH in (2). 
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Analysis of the system 


Some conclusions about the origin of the system may be drawn immediately 
from the appearance of the bands. The distance between the origins of the bands 
indicates that the lower state is the 2II-ground-state of GeH and that the upper state 
has a slight splitting. This latter state must be a L-state, since a doubling of the 
branches would otherwise have been recognizable. The B-value of the upper state is 
about the same as for the 7II,). sub-state (6.69 cm-). 

It is possible to number the lines in four branches after J’. The multiplet splitting 
AF. (J) calculated for v= 0 in the 2II-term is found between the lines in the violet 
branch of 16245 cm! and the lines of one of the two violet branches of 15370 cm-!. 
AF a (J) is found between the lines of the red branch of 16245 cm! and the lines 
of the weaker of the two red branches of 15370 cm- mentioned above. It is not 
possible to attach the two strong branches left over in 15 370 cm- to the two numbered 
branches in this band by means of the combination differences of II). 

There are only three low-lying X-states which may be expected to occur in GeH 

(cf. the treatment by MULLIKEN (3) of the term-scheme of CH, which has an analogous 
electronic configuration) viz. 42-, 22- and 2+. The number and relative intensities 
of the branches and the absence of the ?II,,. combination-differences between the 
four branches in 15 370 cm~ are not in accordance with the assumption of a 22—I1 
transition. 
_ 4y-"IT transitions have been theoretically discussed by Bupé and Kovacs (4). 
Fig. 1 shows the transition *X=—I1,., and table 1 the relative intensities of the branches 
for high J-values, assuming B’= B”. For a study of the intensity of the lines at 
the beginning of the branches the complete intensity factors must be used. 

The 2I[-term in GeH has a coupling-constant of 892 cm}, and we can assume 
that the relative intensities of the branches will be best described by the intensity 
factors for 42—2II (case a). From Table 1 we see that we shall have in the *2—I1} 
sub-band (16245 cm-!) the two main branches °R,, and *P,, and in the *2—*IT3/. 
sub-band (15370 cm) the four main branches *R, 5, °Res, "P33 and °P,5. It must 


Table 1 


4 —* Tb reg) 
OP ys | PQie | PRiz| PP2z | °Qe2 | PRo2| MPs | PQse | SRoz| ®Pa2 | SQa2 | "Rae 


rel. int. “II casea| 0 | Loy 3 Lah Oe | 0 Oy \ 0.5 Teed | 3 ly Le 


i=) 


Serge al Oc NaS OT le ( 0 | 0 


=) 


rel. int. *II case b 


4y—* TT sjacree) 


NPs °Q13 | PRis OPs5 | Qos | °Res | PPs3 | 2Qs3 | PRas | Pas PQis | SRas 


rel. int. "JI casea| 0 1.5 | 3 1 0.5 4 4 0.5 1 3 1.5 | 0 


(eS) 
iS 
bo 
bo 
oO 
bo 
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ies) 


rel. int. 7II cased} 0 0 
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Fig. 2. The theoretical splitting of the F(K) levels with 4 = 0.950 and y = 0.045 


be remarked that we can only compare the intensities of the branches in the same 
sub-band and that the intensities even for large coupling-constants show pronounced 
departures towards case b (cf. discussion by MULLIKEN (5)). Making allowance for 
departure towards case b, we can arrange the main branches in the following order 
of intensity 


402114: °Rig > * Pas 
*T— "TMi: “Reg~* Ps3~ "Pas > * Bez 


Since the main branches in each sub-band emanate from different levels of #%, 
they should show no *II-combination differences. Taking the branches °R,, and ?R,s 
and *P,, and °P,, respectively from the different sub-bands they should, however, 
combine through the multiplet-splitting AF (J) of II. 

The appearance of the main branches in the two bands 16 245 em-! and 15 370 em-2 
is obviously in agreement with the assumption of a 4S —2I] transition. 

The sub-band at 16 245 cm~ is stronger than the other one, and here the weaker 
branches *Q,, and Py. have been measured. *P,. is only just measurable. Fragments 
of "Ry, and *Qy. are found. In the sub-band at 15370 em-, °Q,3, which according 
to the intensity factors should be strong at the beginning of the branch, can be 
followed up to J = 14.5. Fragments of °Q,3, "Q4y3 and ®Ry are found. In the very 
weak branches denoted above as fragments, the measured series of lines are not 
complete over a wider range. The possiblility of measuring these lines depends on the 
continouous background on the plates, which is somwehat uneven. 

An investigation of the first lines of the branches has been made, and as far as 
they can be followed their intensity seems to be in agreement with the intensity 
factors. 

We do not know the number of the vibrational level in the 4 -term from the 
analysis, but we will consider the band as a (0-0)-band. The equality in B-values 
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Table 2 


Wave-numbers (cm~1) of the band lines of the (0-0)-band 
ce ra ee 


D>) — TT bP ec AY 
PQi2 Rie PPoo BP ae °Qi3 PRis Res PP33 2P 45 
16 228.65 15 333.12 15 395.05 
222.95 16 257.80 313.81*| 15 341.95 401.80*| 15 358.08 | 15 378.54 
217.64 266.41 294.48 335.35* 409.02 352.56 386.49 
16 156.26 202.73 274.87 275.58 329.68* 416.14 346.76 394.14 
137.93 208.24 283.38 256.28 323.73 423.59 341.07 401.80 
119.92 204.22 | 16 139.13 292.06 237.20 318.04 431.10 335.35 409.49 
102.39 200.45 121.45 300.98 218.07 312.55 438.68 329.68 416.93 
085.30 197.07 104.10 310.19 199.68 307.10 446.37 324.51 424.39 
068.48 193.95 087.42 319.55 oo 301.79 453.94 318.99 431.97 
052.24 191.12 — 329.00 162.89 296.72 461.52* 313.81* 439.49 
036.40 188.48 054.98 338.46 144.63 291.53 469.04 308.55 446.89 
020.78* 186.07 038.79 348.12 126.62 286.41 476.59 303.38 454.27 
005.48 183.82 024.00 357.67* 108.21 281.28 483.98 298.15 461.52* 
15 990.29 181.64 008.46 367.44 091.20 276.14 491.03 292.87 468.28 
975.58 179.57 | 15 993.96 376.91 270.94 497.88* 287.64 475.00 
960.91 177.58 979.31 386.24 265.57 504.47 282.21 481.37 
946.45 175.48 964.79 395.50 260.00 510.67* 276.53 487.34 
173.25 950.03 404.40* 254.31 516.44 270.55 492.79 
170.84 936.22 412.74 248.45 521.62 264.53 497.88* 
168.19 420.67 241.91 525.89 258.05 502.35 
165.17 428.00 235.61 530.30 251.10 505.96 
161.82 434.71 533.49 243.76 508.89 
157.89 440.49 510.67* 
152.28 445.53 511.76* 
| 


* Overlapped lines. 


between the upper and lower levels makes it practically impossible to assume that 
a transition with another v’-value should be stronger than the (0—0)-transition. 

The branches can be followed to higher J’’-values than was possible in the (0-0)- 
band of 2A—*II, where there is a break-off due to predissociation at about K = 22 
in the 2A-term. It is, however, as a rule not possible to utilize these lines in the analysis, 
since this presupposes a knowledge of the *II-differences. 


The 4a -term 


“We use the general formulas developed by Bup6 (6) and add the usual corrections 
for the influence of the centrifugal force and the magnetic interaction between 
the K- and S-vectors 
F,(J)=B{J?+4-[402?+34(2J—3) + 9A7]}*} — D(J-1)*+3y(J-3/2);  (J= 
PJ )=B{J?+2J+ 5-4 + 1)?-34(2J + 5)+9A?]*} —DJ*+y(J-9); (J = 
F,(J)= B{J? +34 [4J2+ 34 (2-3) + 927]?} —D(J + 1)4-y (J +8); (J = K -3) 
F,(J)=B{J?+27+4+[4(J+ 1)?—3A(2J +5) +9A?}*} —D(J + 2)4-3y( 


B. KLEMAN, E. WERHAGEN, A *Y —II-system in germanium hydride (GeH) 


The B, and D,-values are determined graphically by taking the mean of the four 
first differences A, F’ (J) =F’ (J + 1) —F’ (J). 


[A, F’ (J) mean = 2[B — 8 D](J +1)—4D(J +1). 


The differences A, F’(J) are calculated from the main branches by means of the 


2! 1[-differences. 
To obtain the splitting in a K-quartet we substitute K for J in the formulas for 


F(J) and omit the terms BK(K +1) and —D(K +4). 


F,(K)=B({(2K+3—-VX,} + 3yK; [X,=(2K+3)?+64K +922] 
F,(K)=B{2K+3-VX,}+y(K-3);  [X,=(2K+3)?-64(K+3)+92?] 
F,(K)=B{-2K +1+VX,}—y(K+4); [X,=(2.K-1)?+64(K-2)+92?] 
F,(K)=B{-2K+1+VX,}-38y(K+1); [X,=(2K-1)?-64(K+1)+922]. 


To calculate A and y we insert A=2 + AA in these formulas and expand the square 
roots for small AA. The predetermined approximate value of A used was A= 0.960. 
The separation between two of the levels is calculated, according to these formulas 
neglecting terms containing higher powers of AA, and put equal to the experimental 
value. From the resulting linear equations (K = 4—20) A and y are determined by 
the method of least squares. We get the following values of A and y from the different 
separations between the F(K) levels: 


A y 
A F25(K) Ze 0.039 + 0.003 
AF,,(K)  0.945+0.006 0.027 + 0.004 


(K)  0.927+0.005 0.056 + 0,002 
(K) 0,968 +0.004 0.039 + 0.002 
AFy4(K) 0.953 +0.004 (0,056 + 0.003 
(K) sae 0.042 + 0.001 


As is seen from the obtained values of 2 and y, the splitting in the 4-term is not 
adequately described by single values of 2 and y. Especially the method of considering 
the magnetic interaction between K and S by adding the termy [J (J + 1)—K(K + 1)s 
—S(S + 1)] seems to be too primitive. 

The only 42-term which to our knowledge has been studied hitherto is a 4 -term 
of Of. (7, 8). In this term the splitting constants were determined from AF,, (K) 
and AF,,(K). Though the splitting is much less (A ~ 0.1) than in the 4% -term of 
GeH, no unique value of J was obtained from the two relations. In the three vibra- 
tional levels v= 0, 1, 2 the A-value determined from A F,,(K) is a few percent lower 
than that derived from AF,(K), whereas y, which is small, is rather indefinite. 


. Origin of the band 
The origin of the band is calculated in the following way: 
65-5 [F’ oe 22 (J) + Fs bes (J) + Fi (J) 


=1T)+ BJ +4)?---- 
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Be (J) + Foa (J) + Fe (J) + F'sa (J) 
4 


Yo9 = (To-Lo) = [Q (J) mean — (Bo-Bo’) (J +4)°, 


URS Paes (J) mean = =T) +Bo (J+4)2-... 


where [Q(J)]mean is the mean of four Q(J)-lines of which none has an upper level 
ae to another of these lines. 799 is extrapolated to (J +4) = 0, which gives vy) = 
—=—Lo +406 

The Q(J) lines have been calculated from the main branches, using the 2II-dif- 
ferences. 


Red system of SnH 


In the band-spectrum of SnH there is a red system situated in the same wave- 
length region as the 4 —*I]-system of GeH. This system has been considered as 
a *>—*II-ground-state transition (9), but the attempt at a rotational analysis on 
this basis by Warson and Srmon (10, 11) was not successful. The similarity in the 
electronic configurations of SnH and GeH and the resemblance in the appearance 
of their red systems make it probable that they involve the same electronic transi- 
tion. An analysis of this system of SnH will be attempted. 


Constants of the 4X -2II system in GeH 


Origin of the (0—0) band. 
Yoo = 15816.2 cm-! 


*[I-term: the constants are given in (2). 

4>--term: By = 6.775 cm-3; Dy = 4.72 - 10-4 em. 

Coupling constants: (Spin-spin) interaction A= 0.95, e= BAx~6.4 em}, 
(K, S) interaction y ~ 0.04 cm7}. 


Physical Institute, University of Stockholm January 1953. 
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Communicated 28 January 1953 by Ertk HuntTHin 


The 2700 A-system in the band-spectra of AIH and AID 


By Benet KLEMAN 


With 2 figures in the text 


In the band-spectra of both AIH and AID there is in the region (2700-2730) A 
a band of complex and irregular nature. The appearance of the AlH-band indicates 
that it is both perturbed and predissociated. In AlD there appear, further, two weak 
bands degraded to the red with their heads at 2738.4 and 2648.6 A. A rotational 
analysis of these bands has been made and they are shown to be the (1-1)- and 
(1-0)-bands respectively of a (c)°II,—(a)*II,-transition in AID, where (a)?II, 
corresponds to the (a)°II,-state in AlH known from the (b)?X — (a)’II,-transition 
in this molecule. The (c)°II,-state, which has a small splitting, is perturbed. It is 
predissociated in v =1 at about K =16. The bands in the region (2700-2730) A of 
AIH and AID are considered to be the (0—0)-bands of the (c)?II,,— (a)3II, system. 


Experimental 


A strong system around 2700 A (1) is known to exist in the band-spectra of AlH 
and AID. 

These systems have been photographed in the first order of a 21-foot concave 
grating in Eagle mounting (disp. ~ 1.3 A/mm). A water-cooled hollow cathode was 
used as light-source. In the exposures of AID small amounts of deuterium had to 
be let into the circulating system. In the case of AIH the hydrogen enclosed in the 
aluminium cathode was sufficient to produce the spectrum. The exposure times 
used were for AlH up to 11 hrs. and for AID up to 5 hrs. The spectra were photo- 
graphed on Kodak O III plates. 


Appearance of the system 


The systems of AIH and AID around 2700 A are shown in Fig. 1. 

An attempt at a rotational analysis of the bands in the region (2700-2730) A 
of AIH and AID was not successful. 

It seems impossible to pick out any regular branches in the AlH-band. The band 
is uncommonly short also in arc-exposures. These observations imply that there are 
probably both perturbations and predissociation in the electronic states involved. 

The AlD-band is more rich in lines than the AlH-band and here, too, it is difficult 
to pick out any distinct branches. The extension of the band seems to be the normal 
one for a deutride-band with small splitting constants. The AlD-band thus seems 
to be perturbed but not predissociated. 
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From the positions of these two bands it can be concluded that they are the 
(0-0)-bands of the same electronic transition. 

In AID there are two weaker bands degraded to the red with their main heads at 
2738.4 and 2648.6. Their positions indicate that they are the (1-1)- and (1-0)-bands 
respectively of the same electronic transition as the postulated (0-0)-band. 

The (1-1)- and (1-0)-bands are very similar in appearance. The most characteristic 
feature of both bands is that the lines emerging form the above-mentioned heads 
split up into doublets of which one of the components suddenly vanishes. The 
P-branches have an open structure and are easy to follow, whereas'there is consider- 
able overlapping of the lines in the R-branches. There are very few lines due to 
impurities in the regions of the bands. In the (1-0)-band, however, the last R-lines 
and some P-lines are masked off by the strong Al-doublet at 2660.4 and 2652.5 A 
and its ghosts. 


Rotational analysis of the (1-1)- and (1-0)-bands of AID 


The analysis shows that the bands consist of three R-branches and three P-branches. 
Some lines are split up into two A-components. The widths of the K-triplets formed 
by the lines at the beginning of the branches are considerable ( ~ 25 cm7’ at K =5). 

From the appearance of the bands it can be seen that the electronic transition 
involves no change in A-value and that A 2 1. It is not possible to assume AA = + 1 
and to explain the absence of Q-branches as due to partial predissociation. 

The only acceptable assumption as to the electronic transition is a *I] — *II and 
it will be designated (c)’II — (a)®II. 

Rotational] formulae for a *II-state have been given by Buné (2). 


eh d e1y i 2.— 22) D.(7-5) J=K+1 
Pa (d)= BolT (I +1) +424) -Do(-+5) peak 
(J) = Bald (I +1) +VZ,-22,)- DoF +5). JS KSI 


LZ.= ¥(¥-4) +5447 +1) 
cade 
eZ 
The B, and D, values are determined graphically by taking the mean of the three’ 
second differences A, (J). 


[As F (J) knean = 4[Bv — 6 Do] (7 " 5) =e (7 + 5) 


Zi [yr-p-§-270 +9]. 


The origins of the bands are determined from 
Vo = [Q (J) Imean _ te ae Be) J (J “ip i 5 


where 7, is graphically extrapolated to J(J + 1) =9, to give vy. The Q-lines are cal- 
culated from the P- and R-lines. 
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It is apparent from the splitting constants discussed later in this paper, that the 
branches (R,, P,), (Re, P,) and (Rg, Ps) constitute the (I19— *IIy)-, I, — *I1,)- 
and (3II,— °II,)-sub-bands respectively. 

The ordinary A-splitting in case a is for a *I]-state greatest in °II, and negligibly 
small in II,. In case b there is the same splitting in all three sub-states. The state 
(c)§II is near case b and (a)*II of intermediate type (Y ~ 12). In the present transi- 
tion we observe the sum of the A-splittings in the two states and it is difficult to 
predict the appearance. We can, however, expect the A-splitting to be greatest in 
the #II,— II, sub-band. Experimentally, one finds a splitting of the lines in this 
sub-band, but the greater part of this is obviously due to a perturbition in (c)'I]J, 
since one of the components suddenly vanishes. In the sub-band ®II, — II, the last 
lines are diffuse, indicating an incipient splitting off of the lines. It is probable 
that this splitting is also to be interpreted as a perturbation. 

A study of the intensity-factors (3) for the lines in a (8II — ®I1)-transition shows 
that no other lines than those belonging to the main R and P branches can be expec- 
ted to be found in the rather weak (1-1)- and (1-0)-bands. 

The wave-numbers of the band-lines are given in table 1. 


(a)*II AID 


The lowest expected stable triplet-state in AID is a *II,. It is natural to presume 
that the (a)?II-state is identical with this expected lowest state. 

We calculate the B, and D, values for the corresponding AlH-state with the help 
of the following relations: 


1 
B.=0°B, Le = 07 he D,=0* D; By=Be—a.(v +5) D. * Dg. 


For 9? the band-spectroscopic (X1Z)-value 0.5188 is used. The following constants 
are obtained 
Bo" =6.705 om7* 
Df =4.1-10-* em 


In AlH two triplet states (b)®X and (a)3II, are known, of which the latter is the lower 
one. The constants for (a)'II, in AIH given by CuatLacomBr and ALMY (4) are 


BA™ = 6.704 em * : 
Dye = 4.00+10-* em? (experimental). 


} (calculated from AID). 


The agreement between the constants for AIH calculated from the deutride and 
the experimental values confirms the correspondence between the (a)*II-state in 
AID and the earlier known (a)*II,-state of AIH. 

The A, F’(K )-values show that the (c)*II-state in AID is near case b. We attempt 
to calculate the splitting constant in (a)%II from the assumption that the splitting 
in a K-triplet in (c)II is negligible. 

From the rotation formulae for the II-state we obtain 

Fs (J) — Fy (J) =2B"VZi' +... 
and put this equal to the experimental value (Fig. 2) e.g. 
AF si (J) = Ry(J)—P3(J) = 2B" VZy". 
Z; is extrapolated to J =0. The obtained values for the coupling-constant are 
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Fig. 2. Energy-level diagram for (c)*IIr-(a)*II, of AID. 


(a)*11, fo’ =0; Ap = (41.3 + 0.2) cm? 
AID wo” = 17 Ay’ = (413 +. 0.2) em! 


CHALLACOMBE and Atmy (4) have made a careful determination of the coupling- 
constant for AlH 


(a)°II, 


IH {0 =) A, = 404 em> 


The coupling-constant for a deutride state is generally, within very narrow limits, 
the same as for the corresponding hydride state. The discrepancy between the ob- 
tained value for (a)?II, in AlD and the known value in AIH must be interpreted to 
mean that (c)#II of AID has a detectable splitting (the F;(K) levels lying above the 
F3(K) levels; cf. Fig. 2). 


(c)3II AID 


To make a study of the coupling in (c)°II in AID we adopt the coupling-constant 
for (a)°II from AIH. We calculate the AF’’(J)-values from the rotation formulae, 
using A’’ = 40.4. The splitting of (c)°I] in a K-triplet is determined in the range 
K =5-— 10 from relations of the following type (Fig. 2). 
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AF}2(K) = R, (J) — Qo(J) — APai (J) 
AF}3(K) = R, (J) ~ Ps(J) — APs (Y). 


In this way it is found that the F’(K)-levels lie in the following order: F 1(K)> F3(K) 
> F3(K). The width of the F(K)-triplet is around 1 em~’ at K =5 and decreases 
with increasing K. This splitting must be interpreted as being due to (A,S)-coupling 
with a coupling constant 0 < Y’<4(0 <A’ <12cm™')(cf. (4)). For the (c)*II-state 
one might expect a splitting due to (K, S)-coupling, but this would certainly be smaller 
and should increase with increasing K. We will thus consider the (c)II-term to be 
regular. 

a has already been mentioned, there is a perturbation in the *II,-sub-state at 
v' = 1 in (c)8II. It seems as if only one of the sets of rotational levels (designated 
3I1,.) 18 perturbed in the observed region. This indicates that the perturbing state 
is a -state. 

The level v =1 of (c)'II is predissociated at about K’ = 16. 


Vibrational analysis 


Since the potential curve of (c)’II is very shallow there is no point in trying to 
relate the vibrational constants of this state to the rotational ones by means of empiri- 
cal relations. (cf. the (A)!II-state of AIH and AID.) 

If we presume that the main head (Fig. 1) of the (0-0)-band of AID is the R,-head, 
the following table of heads is obtained 


R,-heads of AID (ce) 11—(a)8 1 


+e vo” 
xX 0 1 
oi ONG 
0 36 959.2 
1 37 744.0 36 506.6 


Using the relation w,' a.’ ~3B,’, we get from the table w,’ = 1260 em~!, which 
agrees with the value determined from the origins. w, is around 800 em~!. This low 
value seems to be normal for a predissociated state. It must, however, be remarked 
that there is probably a considerable w,a-value and that the R,-branch due toa. 
high «¢-value turns at a higher rotation-number in the (0-0)-band than in the (1-0)- ° 
and (1-1)-bands. For these reasons the estimated value of w/ is probably too low. 

That only the (0-0)-band appears in AIH is understandable from the low stability 
of the (c)*II-state. A calculation from the data of AID shows that the depth of the 
potential curve (c)°II is ~2000cm7}. From this it follows that we can expect a 
predissociation in v =0 of AIH around K’ = 15. 

An independent method of estimating the predissociation limit in (c)3II gives the 
extension of the (0-0)-band of AIH, which is less than 400 em=!. Comparing this with 


the second differences of (a)8II, we see that the predissociation in v’ = 0 of (c)3I1 AIH 
occurs at K’< 14, : 
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Constants of AID (c)?II,-(a)?II, 


Origins in wave-numbers 


V4, = 36 470.6 cm“ 
V49 = 37 708.0 cm-} 


(a1, 
By’ =3.497 cm-1 «,’ = 0.096 em-1 r, =1.593 A 
Bi’ =3.401 » Di’ =1.1-10-*cem_—Ss @,’ = 1260 cem- 
By =3.545 » Di{ =1.0-10-4  » 

(c)II, 


By = 2.938 em-1 D;, =3-10 cm 0<A’<12cm— 
w,. ~ 800 em-1 


The photographic plates used for the measurements of the band-lines were taken 
in a survey of the band-spectra of AIH and AID together with Fil. kand. Axr Lacrr- 
cRANTZ and Fil. lic. ULta Unuer (5), to whom I am much indebted for this help 
in getting the experimental material for the above investigation. 


Physical Institute, 
University of Stockholm. 
January 1953. 
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Communicated 14 January 1953 by Manne Sreapann and Errk Huiratn 


A semicircular permanent magnet beta-ray spectrograph 


for photographic recording of conversion lines 


By Hitprne SLATIs 


With 15 figures in the text 
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Introduction 


At present a large number of different types of beta spectrographs exist. We have 
he old semicircular spectrograph and the double focusing spectrometer, which belong 
(0 the so-called flat spectroscopes — a spectroscope in which the central electron 
yath lies in a plane. On the other hand, the solenoidal, long lens, short lens, and the 
ntermediate image beta spectrometers belong to the so-called helical spectroscopes, 
n which the electron paths are of helicoidal shape. An excellent review of all these 
various types of beta-ray spectrographs and spectrometers has recently been given 
oy PEeRsico and GEOFFRION (1). 

The most important characteristics of a given spectrometer are the resolving 
ower and the transmission. Generally an improvement of the resolving power will 
educe the transmission. The choice of the spectrograph type therefore depends on 
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the actual problem. If conversion lines are to be studied with a very high resolution, 
the flat spectroscopes seem to be preferable. In addition, if photographic recording 
is desirable, the old semicircular spectrograph type may again be the best one. 
Often the sample itself limits the resolution obtainable. If the specific activity is 
low, the absorption of energy of the beta particles in the sample itself decreases the 
resolution. In some cases, however, the active deposit in the source may be so thin 
that no absorption of energy is detectable. This is the case for ThB + C + 0”, RaB + 
+C+C” and AcB+C+C”. These activities are, as is well known, daughter sub- 
stances from noble gases (Tn, Rn and An respectively) and may be made to 
deposit on a negatively charged thin wire while the activities are in an ionized state. 
In addition, sources of these materials are available in sufficient strength. It is 
therefore tempting to construct a spectrograph with the highest possible resolution, 
for cases where the properties of the source do not limit the resolution. 

In order to get a high resolving power one has to produce a magnetie field of the 
highest constancy. Such fields are easily obtainable by means of the modern perma- 
nent magnet alloys, if these are kept at a constant temperature. 


I. Earlier permanent magnet beta spectrographs and earlier measurements 
of magnetic fields by means of the electromagnetic balance method 


In 1931 Kaprrza (2, 3) suggested that the cobalt steel available at that time made 
possible the construction of permanent magnets as powerful as electromagnets, 
without unduly increasing the weight of iron. Cockcrorr, ELLs and KrrsHaw (2) 
point out the advantages of permanent magnets in many different types of experi- 
ment, for instance mass spectrograph work, determination of magnetic susceptibil- 
ity, and, of course, beta-ray spectroscopy. A permanent magnet with an air-gap 
of 5.5 cm and with pole-pieces 17 x 29 em (500 cm?) was constructed. 

Ma H, be the field strength in the steel and H , the field strength in the air-gap, 
we have 


JH.dl,+ fH, dl, =0. 
The length /, of the steel necessary is then approximately 


(1) aot 


H ly, 


where 1, is the width of the air-gap. 
The condition of constancy of flux gives 


(2) ay By dAg H, q; 


where B, is the flux density in the permanent magnet steel and A, and A, the cross 


sections of the steel and air-gap, respectively. q is a leakage factor. Hence, the 
volume of magnet steel required is 


(3) A,l,=H?2A, 1, q/H, B,. 


This equation shows that the higher the product H , B,, the smaller the volume of 
steel required. It is assumed that the loss of magnetic potential in the yoke is neg- 
ligible. The yoke was of high permeability steel and had a weight of 680 kg, the weight 
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of the permanent magnet steel being about 230 kg and that of the magnetization 
coils 180 kg. The yoke was of U-shape. 

The permanent magnet of Cockcrorr, Eris and Kersnaw has been used in 
a number of beta spectroscopical investigations, the first of which were those of 
Exuis (4, 5) on the gamma-rays of ThB + C. 

A permanent magnet for 5300 gauss between poles of an area about 8 x 26 cm 

and 19 mm apart was built by Briaas (6). No device for changing the remanence 
was used. Scorr (7) studied the energy of the most intense beta-ray line (1931.8 
gauss cm) from RaB, using a permanent magnet beta spectrograph. The field 
strength was measured by the Corron (8) balance method. The magnetic field was 
horizontal, and a rectangular coil was hung from a balance, perpendicular to the 
magnetic field, and so that only the lower, horizontal, part of the coil was situated 
in the field to be measured. The force on this part was measured by the balance 
when a known current was passed through the coil. The effective length of the 
horizontal part is equal to the distance between the two parallel vertical parts of 
the coil. This distance is easily measured, if the coil is supported by an optically 
worked glass plate of rectangular shape. According to Corron this method makes it 
possible to measure the magnetic field with an accuracy greater than one part in 
20000. 
' The dimensions of the rectangular glass plate in Scorr’s work were 30 x 3 x 0.45 
em. Thin silver strips were fastened to the sides of the plate, and a system of light 
aluminium and tin strips supplied current to the silver strips. The value of the force 
measured was 200 mg, which could be measured to less than one part in 10000. 
However, according to Rocrrs (9), who used the apparatus of Scott, this figure 
for the accuracy is rather too optimistic and should be 1 part in 1000. Rogers in- 
vestigated the three most intense RaB conversion lines. 

A similar balanc was used by Briaas and Harper (10) and by Briaes (11) for 
measuring magnetic fields of the order of 10000 gauss in determinations of the veloc- 
ity of the alpha particles from RaC’. The current 7,, which brings the balance into 
equilibrium when the direction of this current is such that the force on the coil 
is downward, is first observed. An appropriate mass M is then added to the coil, 
and equilibrium again etablished by adjusting the current to a new value 7,. The 
field is given by the equation 


(4) (H — H') nL (i, +4) =2 Mg, 


where L is the effective mean width of the rectangular coil. H is the magnetic field 
strength at the base of the coil, and H’ is the stray field at the top of the coil. The 
number of windings is n, and g is the gravitational acceleration. 

The sensitivity of the balance method for measuring magnetic fields is of course 
ereatest for strong fields. Fields of 10000 gauss were measured in international units 
to a few parts in 10°. 

A large permanent magnet for work in beta spectroscopy was also made by SURUGUE 
(12). The shape of the magnet was similar to that of Cockcrort, ELLIs and KERSHAW. 
The permanent steel contained 36 per cent cobalt. This steel gives a remanence of 
8800 gauss and a coercive force of 260 gauss. The size of the air-gap was 25 x 37 x 6 
em, and the corresponding fields strength 1430 gauss. Another pair of pole-pieces 
gave the figure 33 x 45 x 12 cm at 780 gauss. On each side of the pole-pieces packets 
of 10 (altogether 20) pieces of permanent steel were situated. The size of the pieces 
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was 2.84 x 14 x 50 em. The weight of the permanent steel was 340 kg, of the yoke 
640 kg, and of the whole magnet with magnetization coils 1480 kg. 

The conversion lines of ThB +C +0”, ACB +C+C” and RdAc+AcX +::- 
were recorded on Ilford X-ray plates, and the Ho-values for the lines determined by 
absolute measurements. The field strength was measured by a coil of known area, 
which was removed from the field. The current induced was compensated with a 
current induced by mutual induction from another, external, coil, when a known 
current in this coil was broken at the moment when the coils were removed. A 
fluxmeter served as zero-instrument. 

Harper and Roserts (13) made precise measurements of the Ho values of beta- 
rays from RaB by means of photographic spectrographs of the type used by ELLIs, 
and also that of Scorr. Field measurements were made by the method developed by 
Briaes and Harper, and the Ho-values obtained were considered to be correct to 
1 part in 104, 

A permanent magnet beta-ray spectrograph is also described by PLEssET, Harn- 
WELL, and Srrp1 (14). The pole-pieces were vertical and in the middle of a rectangular 
yoke. The weight of the ‘‘Alnico” steel was 204 kg, the total weight of the permanent 
magnet being 1360 kg. The maximum field was 3000 oersteds in a gap 20.3 x 40.6 x 
x 4 cm. The beta spectra were recorded on photographic films, and some tests were 
made on lines in the spectrum of RaB + C as well as on the continuous beta spectrum 
of Rak. The relationship between blackening and exposure was studied. 

Cork (15) also uses the photographic method in magnetic spectrometers of the 
semi-circular focusing type. Two spectrographs described by him have permanent 
magnets. The magnet steel is ‘“Alnico’’, situated on each side of the horizontal pole- 
pieces, which are in the middle of a rectangular yoke. The magnet steel, consisting of 
ground cylinders between the polepieces and the yoke, are surrounded by the magne- 
tization coils. The magnetic field is measured by a rotor with commutator driven at 
constant speed by a synchronous motor, and the direct voltage output of the d.c. 
generator so formed is applied to a potentiometer. 

The largest permanent magnet constructed so far was built by Ros—ENBLUM and 
Tsar (16) in Bellevue. The yoke consists of two concentric iron rings of 4 m diameter. 
The pole-pieces are in the centre of these rings and the gap can be regulated between 
0 and 30 cm. The permanent steel consists of Ni-Al-steel pieces of 2.1 x 6.2 x 38 cm. 
Two layers of these pieces, or 5750 kg Ni-Al-steel, are situated on each side of the 
pole-pieces, which are 120 cm in diameter and 37 em in height, and shaped so that 
the active air-gap has a rectangular form 44 x 78 em. The Ni-Al-steel (altogether 
11500 kg) is surrounded by the magnetization coils. The permanent field is 13000 
gauss when the air-gap is 18 mm. RoseNnBLum and his co-workers have used this 
field for alpha-particle energy measurements for a great number of alpha-active — 
elements. ; 

It is remarkable that none of the earlier permanent magnet spectrographs have 
been equipped with arrangements to maintain a constant temperature. As will be 
shown below, a constant temperature is necessary to obtain high resolution. 


II. The new permanent magnet beta spectrograph 
1. The magnet. It was desired to obtain a permanent magnetic field of 2000 gauss 


in an air-gap of circular area, diameter 40 cm, the distance between the pole surfaces 
being 4 cm. Formula (3) gives 


418 


ARKIV FOR FYSIK. Bd 6 nr 41 


La eee 
SRRUB 
uf Mri sts g 


| 


Px, 


lf cosmecrycosos 


Fig. 1. Design of the semicircular permanent magnet beta spectrograph. For details see the text. 


A, 1, = 2000? - x - 20? - 4 - 1.6/1 200000 = 27 000 cm3, 


if the leakage factor is 1.6, and we use the aluminium-nickel-cobalt steel “Fama 700” 
from the Swedish firm Fagersta in Dannemora. The figure 1200000 for H,B, is 
viven in the data issued by the factory. We thus get for |, the value 8 cm. It is 
assumed that the magnetic resistance in the iron yoke can be neglected. For safety 
we have used a larger amount of magnetic steel, two layers, each of thickness 


6 cm. 
The area of the Alnico steel was assumed to be a - 202 = 1257 cm?. We have used 
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the ‘Fama 700” in prismatic pieces of 3 x 3 x 6 cm?. The number of these pieces was 
120 in each layer, giving an area of 1080 cm? (instead of 1257 cm?). The pieces were 
ground to 6 cm length with an error of + 0.01 mm. The weight of the permanent steel 
was 91 kg. 

The shape of the iron yoke may be seen from Fig. 1, which shows the spectrograph 
diagrammatically. The yoke Fe has a rectangular form with a height of 80 em, width 
40 x 42 cm, the thickness of the iron being 6 cm. The permanent magnet pieces Fa 
are fixed between two circular iron discs of 40 cm diameter, the discs being kept 
in position by brass screws as well as by the brass reels for the magnetization coils Z. 
The iron discs J are also of 40 cm diameter, but of 3 cm thickness, and constitute the 
walls of the circular, vertical vacuum chamber. 

The distance 30 cm between the vertical, inner walls of the yoke, and hence the 
distance between the pole shoes, can be increased by means of the screws between 
these walls and the horizontal parts of the yoke in order to permit insertion of the 
vacuum chamber between the pole shoes. 

In the upper part of the yoke there is an opening for the frame for the balance 
coil Y, which is used to measure the magnetic field. 

The yoke is mounted on an iron frame, which rests on screws bearing on discs on the 
floor. By means of these screws the yoke can be adjusted so that it is vertical. 

The weight of the iron yoke is 550 kg. 


2. The magnetization coils. The position of the magnetization coils Z may be seen 
in Fig. 1, and a part of them in the photograph Fig. 5. The first coil (to the right in 
Fig. 5) consists of 870 turns of cotton-covered copper wire of 2.3 mm diameter, 
wound on a brass reel. The second coil, which is of the same size, has 748 + 124 turns. 
It is possible to use an alternating current in the last 124 turns in order to make 
experiments on ageing the field when exciting the permanent alloy. The weight of 
the copper wire is 100 kg, the length 2660 m, the resistance 11.4 ohms. The inner 
radius of the windings is 21 cm, the outer 28 em, and the width of the windings in 
each coil 8.5 cm. Between the windings and the reel there is an insulation layer of 
mica. 


3. The vacuum chamber. The vacuum chamber is illustrated in Fig. 2. It rests on 
wheels on the rails B and is thus easily pushed in and out of the yoke. A brass ring 
L, resting on the carriage A, serves as a frame, and together with the circular iron 
discs I of 3 em thickness makes up the walls of the vacuum chamber. A pocket H 
permits the insertion of the measuring balance coil in the magnetic field between 
the pole shoes J. The actual pole distance for the magnet will be equal to the distance 
between the walls 7. This distance is 39.83 mm. The pocket H and the frame O for 
the sample- and film-holder C have the same thickness, in order to diminish the 
indentation of the iron discs by the atmospheric pressure, when the chamber is 
evacuated. Without these supports the indentation would amount to 0.02 mm per 
disc, and hence cause an error of 0.1 % in the pole distance at the centre of the cham- 
ber. The brass supports make this error negligible. The iron discs were annealed, 
cooled slowly, and ground. The deviation of the pole faces from a plane is smaller 
than 0.01 mm. 

Fig. 3 shows a photograph of the vacuum chamber when one of the pole-piece 
walls is removed. The yoke and the holders for the permanent magnets are seen to 
the left. In order to get conformity with Fig. 2, the vacuum chamber was turned 
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Fig. 3. Photograph of the vacuum chamber. The front wall pole piece is removed. The yoke and 

the permanent magnet holders without coil reels are seen to the left. The vacuum chamber 

should be rotated through 180° about a vertical axis through the centre of the chamber; the posi- 
tion in the figure is chosen in order to get conformity with Fig. 2. 


through 180° about a vertical axis through the centre of the chamber; the position 
in Fig. 3 is consequently not correct. 

R;, R, and R, are aluminium baffles which prevent scattering of the electrons 
from the iron walls. These baffles are close to the pole faces and 10 mm in height over 
these planes, so that the width of the space for electron paths is 20 mm (the baffles 
are not present in Fig. 3), 

N is a shutter, which can be operated by the handle # from outside the vacuum 
chamber. In this way exposures can be made only when the vacuum is good. 

A valve V with a tube 7 to the pump and a tube M for the vacuum gauge are 
seen to the right. H are handles. 
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Fig. 4. 1) The source- and film-holder. R veke = ebonite baffle, R1, Ry = brass baffles, 2) The source- 
holder for ThB + C + C” or RaB+C +”. The activity is deposited on a thin platinum or tungsten 
wire S, 25 or 12 y thick. 


4. The source- and film-holder. Fig. 4 shows the design of the source- and film-holder. 
The position of the holder in the spectrograph is seen in Fig. 2 (C) and in Fig. 3. 
In Fig. 4, S is the source, and P, and P, are lead shieldings. R, is an ebonite baffle, 
which screens off radiation from contaminated parts of the source holder (this baffle 
is used if the spectrum of ThB+C+C” or RaB+C+C” is taken, because the 
source holder is a part of the activation vessel when the wire is activated, and is 
thus to a certain degree contaminated). R, and R, are the edges of a baffle of brass, 
F is the film (19 x 270 mm), V is a row of calibration edges 10 mm apart, which will 
appear on each film as light edges in the darkening caused by the continuous spectrum 
or by light (see Fig. 11) and U an opaque sliding cover. The holder is kept in position 
by the frame O (see Fig. 2). The source- and film-holder, which is made of brass, 
can be inserted or taken out through the opening D (see also Fig. 5). 

Fig. 4 shows the arrangement used when the beta spectra of ThB +C+C” or 
RaB +C+C” were investigated. R is a brass ring with an index I. Inside the brass 
ring there is a ring of lava. The diameter of the hole in the lava ring is 6 mm. A thin 
wire of platinum (25 p diameter) or tungsten (12 uv.) is connected to the brass spring 
F, which keeps the wire stretched. By means of the small switch K the wire may be 
insulated from the brass ring or connected to it. The former position is used when 
the wire is activated by for instance ThB. The wire-holder is then placed as a cover 
over a vessel in the bottom of which is a radiothorium source, and the wire is con- 
nected to a negative potential, in the well-known manner. During this procedure the 
hole in the lava disc is closed by a small cover. Later, when the wire-holder is brought 
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Fig. 5. Photograph of the permanent magnet beta spectrograph. The front wall and the right- 


hand wall of the cabinet are removed in order to show the thermostat, which consists of a con- 

tact thermometer, a heating grid, a relay (not visible, behind the left-hand wall), and a fan. 

An aluminium sheet between the heating grid and the yoke prevents the front side of the yoke 

from being heated by radiation from the grid. The sample- and film-holder is partly inserted 

into the vacuum chamber, between the magnetization coils. On the table: a balance, a vaccuum 
gauge, and a device to cut the films. 


into position in the source- and film-holder, the switch K connects the wire to the 
brass ring and hence to the ground, which prevents the accumulation of charge on 
the wire when the active deposit decyas. A charge on the wire would of course in- 
fluence the velocity of the beta particles. 

When the leadshielding P, and the sliding cover U are removed, the distance d 
between the wire and the calibration edges is measured directly by means of a comparator 
(more correctly, the quantity measured is the projection of this distance in a plane 
perpendicular to the wire, i.e. in a plane parallel to the large side walls of the source 
and film-holder). Fig. 6 indicates the position of the source- and film-holder C and 
how the distances d are measured by means of a comparator K. In the case repro- 
duced the distance d,3 is obtained by focusing first the wire S in the microscope M, 
and then the edge V.3, the measuring microscope M, being read each time and the 
difference between the readings taken. A and B are support blocks. 
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Fig. 6. Method of measuring the diameter 2 @ of the electron paths. 


_ The diameter 2 of the electron paths corresponding to a conversion line L is 
computed from the distance x of the line from an adjacent calibration edge, using 
the distance d of this edge from the wire S, and the distance a of the edge from the 
baffle (see Fig. 7). Simple geometric considerations give 


(5) 20=Vd?+2ante2=d+a-.+—-—+-- 


Ss) 
~ 

i 
] 


ee 
Fig. 7. Principle for measuring the diameter 2 @ of the electron paths. 
When this method is used only an approximate value for the distance a (or A) is 


necessary. a is not measured directly, because the location of the baffle is not well- 
defined, but it is computed from the measured spacings between the calibration 


Table I 

n = number an - A413 dn ’ Cn = f 
of edge mm mm | dn” — (An — a3) 

13 0 148.310 21 996 

17 40.049 185.435 32 782 

18 50.065 194.926 35 489 

22 90.052 233.212 46279 

23 100.058 242.873 48 977 

31 179.940 320.835 70 556 
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edges and from the distances d. Thus we do not measure the distances ag, 47, d3* * * 
but the differences a,—ag, aa, and so on. This is easily done with a comparator. 
We give here the figures obtained in a measurement. In table I the first column 
gives the number n of the edge, the second column the difference a,,—a,; and the 
third column the corresponding distance d,,. The equation 


(6) a2 phd ta Gy 
can be written 
(7) (4, = Oy5) E17 Co: 


if we introduce 


E=2 45 I 
8 ) 2= As" + 
ey | apd (anes 


The values in Table I give six equations of the form (7). By means of the method 
of least squares we get the solutions 


& = 269.895 + 0.056 


n = 21981 +5.4, 
or 
é dy = 134.948 + 0.028 mm 
(9) h = 61.400 + 0.076 mm. 


The errors given in (9) are probable errors. The accuracy of the values (9) is quite 
sufficient for high precision measurement of the 2 o-values by means of (5), As will 
be shown below, the smallest half-width obtained for the L-conversion lines of ThB + 
+C + C” so far is about 1 part in 10000 of the Ho-value. The highest accuracy desired 
in measurement for 2 9-values should therefore be 1 part in 100000. This means an 
error of 1-3 yin the 2 g-values, which vary from about 100 to 300 mm. If we measure 
the distances d and the differences x with this accuracy and want to get 20 with 
about the same degree of precision, the differentiated equation (5) 

ax a & 
(10) A2e=(1-S2)4d+$ 4242 dat. 


shows that Aa, the error in a, may be of the order 12-60 u, because 2 is always <5 
mm when we measure the distance between a line and the nearest calibration edge. 
Thus the error in w may be just that obtained in (9). 

It is well known (see for instance Persico and GEOFFRION, loc. cit.) that two 
different arrangements can be used in the semicircular method. In the first ar- 
rangement the baffle lies in the plane of the film, while the source does not. The 
image formed has then a similar shape over a large Ho-interval, and the “paraxial 
rays” from a monoenergetic source always correspond to the edge of a line. This is 
a good feature of this arrangement, but it has been considered difficult to measure 
the distance 20. In the second arrangement (17) the source is in the plane of the film, 
while the baffle is not. This arrangement has the advantage that the distance 20 
can be measured directly by means of a comparator, and furthermore the rays pene- 
trate the emulsion perpendicularly to its plane. On the other hand it may be a 
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disadvantage that, when larger samples are used, lines which differ considerably in 
H 9-values will have different line shapes. This phenomenon will be eliminated if the 
lines investigated are put in approximately the same position by changing the strength 
of the magnetic field. This is, however, rather inconvinient with permanent magnets, 
because of the small creep which occurs in the remanence immediately after every 
remagnetization. The method used in the present spectrograph combines the advan- 
tages of the two arrangements: the edge of a conversion line always corresponds to 
paraxial rays, and the distance 2 o can be measured with high accuracy. 

For precision measurement of 2 9 one should of course use plates instead of films, 
because a deviation of the surface of the emulsion from the plane defined by the 
calibration edges will introduce errors in x and hence in 2 o. 


5. The vacuum system. The vacuum chamber is evacuated by a Welch No. 1405 
two-stage duoseal vacuum pump as backing pump (0.5 1/sec.) in conjunction with 
an oil diffusion pump with a cpacity of about 100 1/sec. Because of the small volume 
of the vaccum chamber (4 1) high vacuum is obtained in about one minute, when 
the oil diffusion pump is heated beforehand. By means of a system of three valves 
(see Fig. 5) the diffusion pump is connected in series between the Welch pump (not 
seen in the figure) and the vaccum chamber, when a sufficiently good fore-vacuum 
has been obtained. 


6. The temperature regulator. A constant temperature is necessary in order to get 
a high resolving power. The spectrograph was therefore surrounded by a cabinet, 
Ch in Fig. 1. A photograph of the spectrograph with the cabinet, from which the 
front wall and the right-hand wall have been removed, is seen in Fig. 5. To the left 
is a contact thermometer and a fan, driven by an 8 watt electric motor on the outside 
of the wall. In front of the yoke is a heating grid, and between this and the yoke is 
an aluminium sheet, the function of which is to prevent heat radiation from the grid 
to the yoke. Air circulates in the cabinet and between the yoke and the aluminium 
sheet. The grid is regulated by the contact thermometer and a commercial “‘Elec- 
tronic Relay, Sunvic Type EA3” (on the outside of the left-hand wall in Fig. 5 
not visible). A small neon lamp indicates when the grid is heated. The front wall and 
the right-hand walls are furnished with lagre glass windows, by which it is possible 
to observe the temperature regulator. There is a removable cover in the right-hand 
wall for inserting the sample- and film-holder. 


7. Equipment for measuring the strength of the magnetic field. The method used for 
measuring the strength of the magnetic field was that of Corton (loc. cit.). A new 
arrangement for leading the current into the rectangular measuring coil was used. 
The principle of the method is seen in Fig. 8. B, is the balance for measuring the force 
induced on the coil C when a current passes through it. A second balance B, is in- 
troduced, the purpose of which is to connect the terminals M, and M, of the coil 
with the terminals M, and M, of the current source. This connection is made by 
the conductors K. M,, M,, M;, and M, are small copper cups filled with mercury. 
By means of the counter-weights A and D the balance B, is first adjusted to an 
indefinite equilibrium or to a stable equilibrium with a very long time of oscillation, 
the mercury cups M, and M, being removed during this procedure. M, and M; are 
then put in position and the weight D moved to the right, as a result of which the 
conductors K enter the mercury and take up a constant displacement in relation 
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Fig. 8. Principle of the method for measuring the strength of the magnetic field. 


to the mercury in the cups M, and M;. This means that the balance B, will follow 
the oscillations of the balance B,. The displacement in the mercury cups M, and M q 
will also be constant, because the surfaces of the mercury in these cups are at the 
same levels as the glass surfaces on which the stainless steel edges E, and E, of the 
balance are supported. The places where the conductors K penetrate the mercury 
surfaces and the edges H, and Z, are in the same straight line. The time of oscillation 
of the balance B,, 5 seconds, was almost unchanged by introducing the balance By. 

The spectrograph is constructed in order to get a high resolving power and a high 
precision in relative measurements. No attempt has yet been made to use the spectro- 
graph for accurate absolute measurements. The current was therefore measured 
simply by a Weston Laboratory Standard D.C. ammeter, Model 5. The readings. 
of this are reliable to 1 part in 1000, which is also the limiting accuracy of the field 
strength measurement (compare § 10). 

The form of the measuring coil frame is seen in Fig. 1, Y, and Fig. 9. The lower part 
consists of a rectangular glass plate, 4.9685 x 25.5 x 0.4 em, in which 7 holes of 
diameter 2.5 cm are bored in order to decrease the weight of the frame and to facil- 
itate the assembly of the windings. The long sides of the glass frame were ground 
plane parallel with an accuracy of + 0.01 mm. The upper part of the coil frame is 
made of plexiglass, the form of which is seen in Fig. 9. The windings consist of 14 
turns of 0.54 mm enamelled copper wire, placed in two layers, 7 turns in each. The 
layers are separated by a celluloid film of 0.5 mm thickness. The mean length of the 
horizontal parts of the coils is thus 51.265 mm. The copper wire is pressed against 
the glass frame and the celluloid film by means of plexiglass rods of semicircular 
cross section, which are fixed to the glass frame by Scotch tape and silk thread. 

The height of the rectangular coil is 41 em. When the lower part is some cm above 
the bottom in the vacuum chamber pocket, the upper part is outside the yoke, be- 
tween the yoke and the base-plate of the Sartorius balance. 
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Fig. 9. Design of the rectangular measuring coil. 


A design of the current supply balance B, for the field measurement coil is shown 
in Fig. 10. 

A field strength of 147 gauss and a current of about 0.65 amp. corresponds to a 
counterweight of 700 mg. An accuracy of | part in 1000 for this counterweight is 
easily obtained in the weighing procedure. Currents higher than about 0.7 amp. 
should not be used in order not to influence the remanence of the spectrograph 
(compare § 11). 

The horizontal component of the stray field above the yoke was measured by 
means of an oscillating magnet needle and found to be only 0.01 gauss. This field, 
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Fig. 10. Design of the current supply balance for the field measurement coil. 


in which the upper part of the measuring coil was situated, was thus only about 
1 part in 10000 compared with the field between the pole pieces, and could therefore 
as a rule be neglected. 


8. The strength of the magnetic field. The formula (4) gives, when we neglect the 
stray field H’, which according to the measurements mentioned in the paragraph 
above is only of the order of magnitude 1 part in 10000 of the field between the pole 
pieces, 


_  2Mg 
(y) a, TACT 


Taking n = 14, L = 51,265 mm, g = 982,58 cm x sec-2,! and M /2(t, + t.) = 1. 0795 + 
+ 0.006 (mean of 12 weighings), we find for H the value 


H = 147.80 gauss. 


This values is valid 6 em above the centre of the pole gap. When the balance was 
raised an increase in the field strength by 0.039 % per cm was observed. 


9. The beta spectrum of ThB + C + QO’. Fig. 11 shows the beta spectrum of ThB + 
+C-+C”. The two strips are parts of the same film, the size of which was 19 x 270 
mm. The source was a platinum wire of 25 u thickness, activated with a ThB + 
+C+C” deposit, the strength of which was about 330 u C. Scopix G green sensitive 
film (Gevaert) was exposed for 23 hours (later Ilford Selochrome 120 was always 
used, because of its thinner emulsion, 15 u instead of 20 uw). The width of the ebonite 


baffle (=length of radiating wire) was 3 mm, and the width of the slit R,R, was 
3mm. 


' The value for g is computed from the formula of HEISKANEN in Hb. d. Exp. Ph. XXV, 2. 
Teil, Geophysik, 1931, page 159. 
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Fig. 11. Beta spectrum of ThB + C+”. 


10. The Ho-values for the ThB F- and I-lines. As already mentioned, the spectro- 
graph was not designed for high precision absolute measurements, but for high re- 
solving power. The amperemeter used permitted an accuracy of only some parts in 
1000. However, it was interesting to compute the H 9-values within the accuracy given 
by the amperemeter. The 2 o-values for the F- and J-lines were found to be 18.8953 
and 23.8630 cm, respectively. By means of the HAarrree (18) correction the mean 
field strengths H; and H, along the F- and J-electron paths were calculated and the 
following values obtained: 

Hy = 147.24 gauss 
H, = 147.12 gauss. 


Thus we found the Ho-values 


Ho (Ff) = 1391 gauss cm 
Ho (I) =1755 gauss cm. 


The best values so far measured are probably those of Linpstr6m (19): 


Ho (Ff) = 1388.56 + 0.15 gauss em 
Ho(L) = 1754.01 + 0.20 gauss cm. 


The differences between these values and ours are 1.8 and 0.6 parts in 1000, re- 
spectively. This is the accuracy to be expected with the present current measuring 
equipment. A higher accuracy could easily be obtained if the current were measured 
by means of a standard resistance and a potentiometer with standard cell. However, 
this was not of importance for the purpose of investigating the inherent half-width 
of conversion lines, as discussed below. 


11. Influence of the balance current on the remanence. The question arises as to what 
extent the current in the balance coil may change the remanence in the magnet. 
In order to investigate this effect the ThB J-line was exposed on the same film be- 
fore and after different weighing experiments. The baffles were adjusted for high 
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resolution. Fig. 15 shows the result. The J-line in the first column was exposed in 
the absence of disturbing balance-current fields. When the weighing of the field 
strength was carried out using a current of + 1.4 amp. there was a decrease in the 
field strength by 0.044 gauss, or a relative change = AH/H = —3 x 10-4, which 
is demonstrated by the double J-line obtained, and shown in the second column in 
the figure. On the other hand, when the balance current was + 0.65 amp., the last 
column shows that no disturbing effects on the remanence could be obesrved. 


12. The constancy of the remanence. The same remanence has been used for more 
than for a year, and the constancy of the field has been tested by measuring the 
positions of the ThB J-line in relation to the calibration edges. It was found that 
the change over a period of one year was about 1 part in 10000. 


13. Influence of the temperature on the remanence. The beta spectrum of ThB was 
taken at three different temperatures, 20°, 25° and 30° C. The change in the 2 o-values 
was almost exactly proportional to the temperature, giving a decrease in the field 
strength of 2.2 parts in 10000 per degree centigrade. This is about 12-18 times 
larger than the change in field strength which depends on the thermal coefficient 
of expansion of the brass in the vacuum chamber or of the iron in the yoke, and 
shows the importance of keeping permanent magnets for precision work at a con- 
stant temperature. 


14. Resolving power of the spectrograph and inherent half-width of the K-conversion 
lines in the beta spectrum of ThB +C +’. In order to determine the highest pos- 
sible resolution of the spectrograph, and the inherent half-widths of some conversion 
lines, the beta spectrum of ThB +C+(C” was photographed using different com- 
binations of baffles and exposing times. In the following the half-widths will be 
expressed in terms of the Ho-value of the line in question. 

The reason for investigating the half-widths of the conversion lines in the beta- 
spectrum of ThB +C+C” was the observation of LinpstROM (loc. cit.) that the 
F-line was broader than the I-line by 0.04 % (the half-width of the F-line was 
0.14% and that of the J-line 0.08%. The resolving power of LINDsSTROM’s spec- 
trograph was 0.1%. In order to investigate if the broadening of the F-line was 


mm | Half-width of 
conv. line 


0.3 


Maximum blackening 
Photometer reading 


0 100 200 mm 


Fig. 12. Half-widths of the F-line (©), I-line ([-]) and I -line (4) as functions of the maximum 
blackening measured on photometer records. 
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caused by unresolved components or by an inherent half-width of the line, it was 
necessary to increase the resolution. 

When the half-width of conversion lines recorded on photographic emulsions is 
studied by means of photometer diagrams representing the blackening in the emulsions, 
one has to consider the influence of the maximum blackening (corresponding to the 
top of the line) on the half-width measured. An overexposed line will have a large 
half-width. Only lines of the same maximum blackening should be compared. Be- 
cause of the greater intensity of the F-line, several (at least two) films have to be 
exposed for different times (or with sources of different strengths). Fig. 12 shows 
the half-widths of the F-, J- and J,-lines as functions of the maximum blackening 
measured on photometer records of 6 different films, obtained with different ex- 
posure times but under the same other conditions (ebonite baffle or active length 
of the platinum wire =3 mm, thickness of the wire = 25 yu, baffle R, R, =0.5 mm, 
Ilford Selochrome 120 film, H = 147,2 gauss). 

The figure shows that for small values of the blackening there is no increase in 
the half-width, but that for higher photometer readings the half-width measured 
increases rapidly. Furthermore, for small values of the blackening, the half-widths 
of the /- and J,-lines are the same (in any case there is no observable difference), but 
for the F-line the half-width is larger by a considerable amount. 

The half-widths are x = 0.044 mm for the J-lines and 0.119 mm for the F-line. The 
corresponding 2 9-values are 238 mm and 187 mm, and the corresponding a-values 
230 mm and 177 mm, respectively. The formula (5) gives for the differences in 2 0 
the values 0.0425 mm and 0.113 mm, or 1.8 and 6.0 parts in 10000 respectively for 
the half-widths in terms of the Ho-values. Hence the half-width of the F-line is about 
4 parts in 10000 larger than that of the J-line. In addition, the F-line is found to be 
simple, because the resolution used (1.8 parts in 10000) would have shown the com- 
ponents proposed, the suggested distance between them being 8 parts in 10000 
(see LinpstR6M, loc. cit.). The shapes of the F- and J-lines may be seen in Fig. 13. 

Of course, before we accept the figures 6.0 and 1.8 parts in 10000 for the half- 
widths of the #’- and J-lines, respectively, we should compute the width of the image 
formed in our spectrograph at the two places of interest. The width Q”’ of the image 
formed is! 


(10) Q"=F+Q+ oo" + Yo); 


Fig. 13. Photometer records of the F- and J-lines in the beta spectrum of ThB. The lines are 

taken from two different films, exposed under the same conditions but with different exposure 

times in order to get the same maximum blackening at the top of the line. The half-width for the 
F-line is 3 parts in 10000 larger than that for the J-line. 


1 Compare Persico and GEOFFRION, loc. cit. 
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where Q is the width of the wire, / the width of the slit in the photometer, Po the 
angle extended by the baffle R, R, at the wire, or more properly the maximum angle 
between the electron paths in a plane parallel to the pole pieces, and y, the maximum 
deviation of the electron paths from this plane. The formula (10) should in our 
case be completed with a term depending on the thickness e of the emulsion. We 


thus get 


h 
(11) Q” =F+Q+o(per+ po) ter. 


This formula gives the values Q’” = 42 u and 40 u for the F- and J-lines, respectively 
(the width of the photometer slit was only 0.7 wu). It is interesting to see that the 
value 40 » agrees closely with the experimental value 44 » found for the half-width 
of the J-line. We also see, that the difference 2 u in half-width, depending on the 
different positions of the lines on the film, is of no importance for our conclusions 
above concerning the inherent half-width of the F-line. 

The ThB F-line orginates in the K-shell in the ThC atom (20). According to 
SURUGUE (21), a part of the F-line belongs to the Z; shell, corresponding to the transi- 
tion responsible for the K-line known as Df. The intensity of this K-line is, however, 
only 1 part in 600 of the F-line intensity. Thus it is not likely that the Z-line of this 
transition gives an observable contribution to the shape of the F-line. 

In any case it was, however, of interest to investigate the half-width of some 
other K-lines, and, preferably, such lines in the vicinity of the J-line, in order to 
exclude some imaginable systematic error depending on the position of the line on 
the film. 

The G-line and especially the H-line are not far away from the J- and J q7lines 
(see Fig. 11). Both lines originate in the K-shell, the G-line belonging to the transition 
ThC’’--ThD and the H-line to ThB-+ThC. Fig. 14 shows the result. The half- 
widths of the G- and H-lines are equal, within the experimental errors, and again 
about 3 parts in 10000 larger than the half-width for the J-line. The J ,-line originates 
in the L;;-shell. 

The half-width 0.012 per cent for the J,-line also gives the best resolution so far 


a 


obtained with the spectrograph: 1.2 parts in 10000. 


Th B+C+C” 


0.039% 0.041% 0.012% 
G H / 
K K rad 
I 


Fig. 14. Photometer records of the G-, H-, and I,-lines in the beta spectrum of ThB + C+ 0”, 
The half-width for the @- and H-lines, which origimate in the K-shell, is again about 3 parts in 
10000 larger than the half-width for the J q_line, which originates in the L7;-shell, 
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Influence of the balance current on the remanence 


j I = 0 amp. IT=+1.4 amp. IT =+065 amp. 

No disturbing | Disturbing magnetic induction 

magnetic field 0.3 gauss 0.13 gauss 
Th B, I-line Th B, I-line Th B, I-line 


Fig. 15. Influence of the balance current on the remanence. 


The broadening in momentum corresponds to about 80 eV in energy, and seems 
to be the same for all K-conversion lines in the beta spectrum of ThB+C+(C”. 

Professor Kar S1EGBAHN! has suggested the following explanation of the observed 
inherent line width of the K-conversion lines: The fact that all the K conversion 
lines investigated so far in the ThB spectrum have the same width indicates that the 
line broadening is essentially independent of the particular nuclear configurations 
of the states between which the transition takes place. The refilling of the empty 
place in the K-shell, which occurs within a time which is very short compared to 
the lifetime of the nuclear state, is accompanied mainly by the emission of K gamma- 
radiation. The width of this radiation must therefore be expected to show up in the 
width of the emitted K electron line. An inspection of existing data (22) on 
K,-line widths gives quantitative support to this view. For Z = 20 to 40 the K.- 
ine widths increase from 1.7 to 6.8 eV. At Z =74 (W) the K.-line width is already 
12.5 eV and a reasonable extrapolation to Z = 83 yields a line width of 70 + 5 eV, 
mn remarkably good agreement with the widths of the K conversion lines reported 
above. The widths of the Z conversion lines would be expected to be about 10 eV, 
which is just too small to be observed at present. 


SUMMARY 


1. A review of earlier permanent magnet beta-ray spectrographs is given. 

2. A semicircular permanent magnet beta spectrograph for photographic re- 
ording of conversion lines is described. 

3. A high resolution is obtained by the use of thin sources, narrow baffle apertures, 
ind especially by maintaining a constant temperature. 


1 The author is indebted to prof. K. SrzaBaun and prof. L. Hutrus&n for valuable discussions 
n the origin of the broadening effect of the K-lines. 
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4. A new method for precision measurement of the distance between the source 


and the conversion lines is described. 
5. Absolute measurements by means of the Cotton balance method were made 


for the Ho-values of the ThB F- and J-lines. ~ 

6. A new arrangement for leading current to the balance measuring coil is described. 

7. A resolving power of 1.2 parts in 10000 is obtained. 

8. The observation of Lindstrém that the half-width of the F-line was larger than 
that for the J-line is confirmed. In addition it is shown that the F-, G-, and H-lines, 
which originate in K-shells, are broader by the same amount, or 3 parts in 10000, 
than the J- and [,-lines, which belong to the Z; and Ly; shells respectively. 


Nobel Institute of Physics, Stockholm 50, Sweden. 
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Communiqué le 14 mai 1952 


Etude spectrophotométrique d’étincelles de grande longueur 
dans lair 


Par Mme ArLETTE Vassy, MM. Haratp NorinDER et ETIENNE VASSY 


Avec 6 figures dans le texte 


Résumé 


On a effectué l'étude spectrophotométrique d’étincelles dans l’air sous haute 
tension. De nombreuses raies et bandes ont été identifiées, les bandes sont faibles; 
les raies sont dues principalement 4 O II et N II et quelques-unes 4 O I, N I, O II, 
O IV, N III et N IV. 

Lorsque la tension augmente, le spectre s’enrichit en raies et en bandes principa- 
lement dans l’ultra-violet au-dessous de 3500 A. La formation d’ozone et de peroxyde 
d’azote par l’étincelle a été étudiée spectrographiquement. L’étude de la forme et 
de la variation des raies montre que la décharge électrique n’est pas un phénoméne 
unique, mais un ensemble d’événements successifs correspondant a des conditions 
d’excitation différentes, qui s’interprétent aisément dans le cadre de la théorie de 
Lors et Merk. On a également effectué une étude quantitative du spectre continu 
émis par l’étincelle; ce spectre présente une répartition énergétique en bon accord 
avec celle de la lumiére émise par le corps noir 4 une. température de 16000° K, 
ce qui suggére pour cette émission l’hypothése d’une origine thermique. 


I — Dispositif expérimental et méthode 


Nous avons étudié a l'Institut des Hautes Tensions, les spectres produits par la 
décharge électrique dans I’air 4 la pression atmosphérique entre électrodes dont les 
distances variaient de 17 cm a4 1,55 m, correspondant 4 un potentiel explosif du 
million de volts environ. 

Le générateur 4 haute tension est installé dans la grande salle de 15 x 30m de 
Institut. Ce générateur a été décrit en détails (1). Rappelons briévement qu'il 
agit d’un générateur d’impulsions pouvant donner un voltage maximum de 2300 
KY; il consiste en 15 condensateurs de 0,0375 uF chacun, avec une capacité totale 
lors de la décharge de 2500 uuF et une énergie totale de 6300 watt-secondes. L’étin- 
celle était produite entre une sphére de cuivre et une pointe de cuivre de distances 
variables. 

La lumiére produite par la décharge était photographiée avec un spectrographe 
\ prisme-objectif en quartz (montage stigmatique), placé & une distance de 15,85 m; 
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le tirage avait été mis au point pour cette distance. L’intensité était suffisante pour 
qu’une seule décharge donne un spectre de noircissement correct et photométrable, 
sur plaques Gevaert Superchrom et Kodak 103-O pour Pultra-violet, sur plaques 
Ilford HP3 pour le visible; quelques spectres infrarouges ont été pris avec des plaques 
Kodak IL, mais la sensibilité moins grande de ces plaques n’a permis d obtenir que 
les raies et bandes les plus intenses, jusqu’A 9600 A. En effet Vemploi du prisme- 
objectif ne permet pas de superposer deux étincelles successives, car chaque longueur 
d’onde du spectre reproduit la forme de l’étincelle source, forme toujours assez 
tourmentée. L’obturateur restant ouvert pendant tout le temps que lon fait croitre 
la tension jusqu’a la décharge, il est 4 noter que la plaque photographique enregistre 
non seulement la lumiére de la décharge principale, mais aussi celle des pré-décharges, 
ou effets couronne s’ils existent. L’intensité de ces derniéres étant considérablement 
plus faibles, nous n’avons pas été génés dans les mesures. ; 

L’étalonnage de la plaque en vue de la mesure des intensités était fait soit avec 
un tube luminescent pour le visible, soit avec un tube & hydrogéne pour l’ultra- 
violet, placés & la méme distance du spectrographe que Pétincelle; l’étude de la 
répartition spectrale énergétique de ces sources a été faite A Paris au laboratoire 
de Physique de l’Atmosphére. Le tube luminescent était utilisé sans systéme de 
projection; il était placé immédiatement derriére un écran opaque percé d’une 
ouverture rectangulaire de 58 mm de hauteur et 1 mm de largeur orientée dans le 
sens vertical; cette ouverture constituait la source; l’affaiblissement de la lumiare 
était obtenu au moyen de plages gris neutre (plaques photographiques impressionnées 
et renforcées) de différentes densités placées devant l’ouverture et dont le facteur 
d’affaiblissement a été mesuré 1° dans les conditions d’emploi, 2° au densitométre. 
Le temps de pose employé avec cette source était 10 secondes. 

Le tube & hydrogéne était placé & 60 cm derriére une lentille en quartz de 40 em 
de distance focale formant l’image du capillaire dans le plan de la face d’entrée du 
prisme-objectif du spectrographe; dans ces conditions, c’est la lentille qui joue le 
role de source secondaire; sa surface était limitée par deux écrans laissant entre eux 
une fente de 1 mm de largeur; l’intensité était affaiblie au moyen de grilles situées 
immédiatement devant la lentille, grilles de densité optique mesurée au laboratoire. 
Le temps de pose était de*1/5e de seconde; il était commandé par un obturateur 
Compur placé entre le tube et la lentille. ; 

Accessoirement, pour les réglages et |’établissement de la courbe de dispersion, 
on a utilisé un arc au mercure; mais les trois sources (étincelle, tube luminescent 
et tube a hydrogéne) comportant par elles-mémes des raies bien connues et faciles 
& identifier, le repérage des longueurs d’onde n’a exigé aucune opération spéciale. 

La durée de I’étincelle étant de Vordre de la micro-seconde, on voit que nous 
avons été contraints d’employer des temps de pose différents pour l’étincelle et les 
sources de comparaison, ce qui souldve le probléme de la variation du facteur de 
contraste y~ avec le temps de pose, c’est-A-dire le probléme du coefficient p. Ce 
probléme, qui se présente dans l’étude de toutes les sources trés bréves, avait déja 
été examiné par l’un de nous (2) a la fois des points de vue théorique et expérimental, 
et la conclusion était que si cette méthode ne permet pas d’obtenir en toute rigueur 
les intensités en valeurs absolues (lumens par exemple), elle est cependant correcte 
quand il ne s’agit d’obtenir qu’une répartition énergétique, c’est-A-dire les rapports 
des énergies pour les différentes longueurs d’onde. Cette conclusion a été également 


adoptée par J. Romanp (3) pour une comparaison de sources de brillances trés 
différentes. 
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Nous avons dit que le spectrographe était & prisme-objectif; il a été décrit précédem- 
ment (4); toutetois dans le cas présent, il n’était pas utilisé en montage astigmatique, 
mais stigmatique; sa dispersion est, avec les réglages que nous avons utilisés, 175 A 
par mm pour le rouge (6200 A) et 11 A par mm pour l’ultra-violet (2500 A). Nous 
avons également utilisé un spectrographe & fente & deux prismes de quartz, dont la 
dispersion était du méme ordre de grandeur, mais qui gréce & sa fente donnait des 
raies plus fines, car la largeur des raies au prisme-objectif est déterminée dans la 
présente étude par la largeur du canal lumineux de I’étincelle, largeur variable 
avec les circonstances comme nous le verrons. Ce spectrographe, beaucoup moins 
lumineux que le premier, ne pouvait pas donner de spectre utilisable avec une seule 
étincelle; il était nécessaire d’en superposer plusieurs, environ une vingtaine, pour 
tenir compte du fait que l’image de l’étincelle projetée sur le plan de la fente pouvait 
se former en dehors de cette fente et ainsi ne pas concourir & la formation du spectre. 

Nous avons utilisé principalement les distances explosives suivantes: 17 cm, 
30 cm, 50 cm, 71 cm, 155 cm, entre une tige pointue située en haut et une sphére 
de 25 cm de rayon au-dessous, son centre passant par la verticale de la tige supérieure; 
on a également pris des spectres d’étincelles entre deux sphéres de méme diamétre. 
Les polarités étaient inversées de sorte que pour chaque distance explosive, nous 
avons des spectres pris avec la pointe positive et négative. 

La mesure de la tension de décharge a été faite par comparaison avec la distance 
explosive de deux sphéres de 1,50 m de diamétre. 

Ces tensions sont approximativement 


17 cm (sphere positive) 400 Kv 
30 cm (sphére positive) 545 Kv 
50 cm (sphére positive) 707 Kv 
71 cm (sphére positive) 865 Kv 
155 cm (sphére négative) 957 Kv 


II — Etude qualitative 


Le spectre obtenu se compose d’un nombre important de raies et bandes et d’un 
spectre continu dus a l’étincelle; en outre au voisinage immédiat de l’électrode et 
limitée 4 une région ne dépassant pas quelques millimétres 4 partir de cette électrode, 
on observe les raies du métal constituant l’électrode; ces raies sont intenses, et le 
spectre est assez riche. Mais en aucun cas, méme pour des raies ultimes telles que 
3273,962 A et 3247,540 A du cuivre, cette présence des raies du métal des électrodes 
ne dépasse une région correspondant aux 2 ou 3 millimétres indiqués plus haut. 
Rappelons en effet que le spectrographe 4 prisme-objectif permet d’obtenir le spectre 
de chaque point de |’étincelle individuellement. 

Nous avons fait l’étude des raies et bandes d’abord sur des spectres correspondant 
aux plus grandes distances explosives qui donnent le plus de raies et aussi les canaux 
les plus fins, et par suite les raies et bandes les plus fines et qui se détachent le 
mieux les unes des autres et du fond continu; le spectre est en effet trés riche et avec 
Jes étincelles larges, il se produit des recouvrements génants; nos mesures de longueurs 
onde on pu ainsi étre faites 4 plus ou moins 1 A pour les raies fines dans Vultra- 
violet; les raies intenses sont malheureusement plus larges et il se produit des super- 
positions. Nous avons relevé les raies et bandes suivantes, dont les attributions ont 
+6 faites grace aux Tables de longueurs d’onde du M.L.T. (5) et aux listes de Parse 
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et Gaypon (6). En outre les raies d’ionisation élevée (O III, OIV, N III, N IV) 
ont été indentifiées grace aux travaux de Mrnut (7) et de FREEMAN (8). Nous nous 
sommes aidés pour les attributions des intensités indiquées par les Tables du M.1.T., 
bien que nos conditions d’excitation aménent des modifications des rapports d’inten- 
sités des raies. 


Tableau I 
x Attributions Intensités MIT x Attributions Intensités MIT 
9599 N, 1% pos. 3,3 4278 Ns 0,1 
9362 N, 1% pos. 4,4 4242 NII 100 
8911 N, 1° pos. 1,0 ? 4937 N 30 
8521 AI 2000 4233 O 100 
8222-27-30- 4185-90 OIL 650 
33 Ol 5000 4153 OII 200 
1772-14-15 OI 1400 4151 nT 1000 
6645 NI 500 4142 N, 3,7 2° pos. ? 
6563 Ha 4121-20-19 O II 420 
6482-5 Niet N II 800 + 500 4110 NI 1000 
6453-54-56 OI 750 4105-3 wi a ke 225 
6300 O 4076-72 OIL 800 + 300 
6156-58 OT 150, 300, 1000 4043-4041— 
eg a 7 en —35 NII 45 floue 
oe NII 150, 50 Stee copes e Bee 
3998 N, 41,4 2° pos. 
5710 NII 100 Sans on $ 
5679-76-66 N II 900 1h 
5560 NI 200 {3956 — a 
Hoe OI 100 \3954 OL ae 
5496 NI 70 {3947 OL 350 
5435 OI 370 \ 3943 N, 2,5 2° pos. 
Kane NI a {3919 NII 35 
+ 
5329-30 OT 500, 150, 100 \3914 Nz 9.0 
5339 NII 20 3912 OIL 155 
5190-79 OIL+NII 30 + 85 3895 N, 3,6 2° pos. 
5045 NII 200 (3884 Novi 
5001-3-7-10N II 350, 500, (3882 oO II 52 
150, 100 3860 Ng 2,2 
oe aga O II 150 3838-42 NII 25 
4935 NI 250 3835 N+ 33 
4861 HB = 
4803 NII 30 3805 Ns 0,2 2G pos. 
4803-2-1 OT 95 3794 ol 10 
4705-699 OTL 300 + 130 3755 N, 1,3 2° pos. 
4776-61 OTL 250 3748 Ol 125 
poh oats OII 520 3734 Og 1,7 
4643 NII 100 3727 O Il 50 
4630 NII 300 3712 OIL 25 
4601 NII 100 3706 Os it 
4554 Nz 3,52 3639 Oo 10 
4530 No 25 3612 Ng dégr. vers le 
4516 Ni 4,6 rouge 
4447 NII 300 3594 alma 4 
4433 NII 30 3593 
44) 10 ekO/II 450 tei ea 10 
4368 OI 1000 { 7 ona ore 
4349 O II 300 3577 N, 0,1 2° pos. 
4340 Hy 3564 Ng. 251 
4319-17 OTL 300 3549 Nt 3,2 
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Tableau I (cont.). 


r Attributions Intensités MIT x Attributions Intensités MIT 
3518 O56 3035 NOB 
3494 O¢ 1,6 oe Nu ° 
3483-5 NIV 3007 NII 50 
3478 NIV Neots a) ODL 52 
3471-70 OIL 125 2984 O III 
3451-48 O III 2962 N, 3,1 2° pos. 
3437 NII 35 2953 N, 4,2 2° pos. 
3410 O II 25 2920 Ox thf 
3408 NII 10 - ok 
3390 OIL 100 2902 Os 4,4 
3371 N, 0,0 2° pos. 
3367 AIR N III s ae et 
3354 AIR N II fae OCs 
3339 N, 1,1 2° pos. 2840 OF 3,3 
3331-30-29 N II 30 2808-06 OIV 15 
3324 NII 5 2799 NII 25 
3290-87 O II 88 2747 OTII 25 
3277 O II 25 2733 OIL 150 
3273 O II 35 2719-15 Ont 7+15 
3271 O II 25 2710 N Il 50 
ae O Ill 2696 O III 7 
Eo 0,1 2688 Op) 38 
3175 O.? 2681 OIV 7 
3159 N, 1,0 2° pos. 2665 O Itt 
3136 iy, 32-1 2? pos, 2647-46-45 NIV 
3138-35. O II 135 2594 Og 5,2 
3123-24 O II 25 2591 NII 25 
3117 N, 3,2 2° pos. 2575 Ol 100 
3089 OH 0,0 2558 O Ill 
3078 OH 0,0 2546 O05 6,2 
3067 OH 0,0 Vee O III 
3063 OH 0,0 2527 O IL 25 
3047 O III 2523 O II 15 
3043 OF 2,4 0u NO 2522-21 NII 40 


Les accolades réunissent les diverses attributions possibles ou simultanées pour une méme raie. 


On remarquera dans ce tableau la présence, qui n’a rien de surprenant, de quelques 
raies d’atomes deux et trois fois ionisés, ainsi que celles, plus nombreuses, d’atomes 
neutres. La majorité des raies est due aux atomes d’azote et d’oxygéne une fois 
ionisés. 

Les bandes sont toutes trés faibles, exceptées les bandes 2883 et 2896 dues a 
CO, et attribuées & COZ; on sait que ces bandes s’observent trés aisément toutes 
les fois que l’excitation est énergique et que le CO, est présent, méme a |’état d’impur- 
eté; CO, étant un constituant normal de l’atmosphére, c’est certainement le cas. 
dans la salle ot nous opérions; elles sont bien visibles sur le spectre (voir enregistre- 
ment fig. 1). 

Les bandes relevées sont dues & O3 (dit 2° systéme négatif de loxygéne), a Ny 
(2¢ systéme positif de l’azote), 4 N, (1 systéme positif, dans l’infrarouge) et a Ng, 
ce dernier systéme bien développé. On a relevé aussi outre la bande due & COs, 
une bande due & OH, 3063, 3067, 3078, 3089, bande 0,0 du systéme *Z->II. Nous 
avons pensé pouvoir attribuer & NO (systéme B ) une bande située a 3035 A, malgré 
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Yabsence d’autres bandes du systéme; en particulier, la bande 3043 qui devrait 
apparaitre également se superpose 4 une bande de Os dont la présence est trés 
probable. Nous avons également attribué A l’ozone deux bandes d’émission 3 3225 
et 43175 A, bien que les données expérimentales sur le spectre d’émission de l’ozone 
soient encore confuses. 

Parmi les raies atomiques, outre celles de l’oxygéne et de Vazote, nous avons 
trouvé Ha, H® et peut-étre Hy. Une raie faible & 8521 A a été attribuée A Vargon. 

Les éléments non identifiés du spectre sont trés faibles en intensité; ils s’observent 
aux longueurs d’onde suivantes: 

3246 A, qui pourrait étre di & CO,, COs (systéme Fox, Duffendack et Barker) 
et 3018 A. 

Ceci concerne les éléments du spectre se présentant en émission superposés au 
fond continu. 

L’étude quantitative (voir plus loin) nous a montré l’existence de NO,. On sait 
que le spectre de NO, n’a été observé qu’en absorption; cette absorption est parti- 
culiérement intense, tout le monde connait les vapeurs «rutilantes» du peroxyde 
dazote. Les spectres de ZENNECK et STRASSER (9) montrent les bandes superposées 
a un fond continu entre 4800 et 4100. Si les longueurs d’onde auxquelles s’observent 
les bandes sont bien connues (entre 5095 et 4081 A avec maximum & 4480 A), les 
données quantitatives sur les coefficients sont rares. Nous avons retenu celles données : 
par Dixon (10) bien qu’elles aient été déterminées avec une largeur de fente trés 
supérieure (40 et 15 A) au pouvoir séparateur de notre instrument, qui donnait 
au spectre de NO, une apparence continue avec quelques ondulations correspondant 
aux bandes. Pour 4500 A, Drxon obtient une valeur de son coefficient k telle que 
log k = 3,9; ceci donne un coefficient d’absorption de 6,08 pour 1 em & la pression 
atmosphérique. Notre absorption (difficile & apprécier avec précision en raison du 
grand nombre de raies d’émission superposées) est d’environ 0,25; cela correspond 
& une épaisseur réduite de NO, de 0,4 mm, tout & fait raisonnable. Cette épaisseur 
de NO, augmente toujours pour une méme série d’expériences au fur et & mesure 
des étincelles successives; elle est assez variable d "une série d’expériences A une autre. 
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Fig. 2. 


Nous avons recherché la présence d’ozone par son absorption ultra-violette; 
comme rien n’était visible sur les spectres d’étincelles pris dans les conditions ordinai- 
res, 5 a 6 étincelles pour une méme plaque, nous avons fait une expérience en ce but: 
3 spectres d’étincelles sous 865 KV ont été photographiés; puis on a fait une série 
de 15 étincelles; ensuite une nouvelle étincelle a été spectrographiée. Ce dernier 
spectre a montré la présence d’une faible absorption ultraviolette 4 2500 A, corres- 
pondant a une formation d’ozone avec une épaisseur réduite de 2u. Donc la formation 
d’ozone est trés faible, tandis que celle du peroxyde d’azote n’est pas négligeable. 
Ces résultats sont en accord avec ce que I|’on sait de l’action de l’étincelle sur l’air 4 
a la température ordinaire (voir Pascat, 11). Pour la décharge silencieuse (faible 
intensité, forte différence de potentiel), il y a formation d’ozone et d’un peu d’oxyde 
d’azote; pour des intensités plus fortes, donnant des étincelles, il y a formation 
surtout de peroxyde d’azote, et d’un peu d’ozone; pour des courants intenses, forma- 
tion de NO, seul et pas d’ozone. 

La présence des bandes d’absorption du NO, nous fait considérer comme douteuse 
Vattribution des bandes en émission 4 4554, 4516 et 4142 A; il pourrait s’agir d’un 
effet de contraste, dfi 4 la présence en absorption des bandes 4480, 4545 et 4133 du 
NO, (ces derniéres longueurs d’onde sont les maxima des bandes et non les tétes). 
Remarquons que s’il s’agissait de bandes d’émission de l’azote, elles seraient isolées, 
les autres bandes de la méme séquence étant absentes. 

Enfin, toujours en anticipant sur le chapitre suivant, nous avons également 
trouvé une bande d’absorption entre 5200 et 6000 A; puisque l’ozone est hors de 
cause, il semblerait raisonnable d’attribuer cette bande & NO . On sait d’aprés les 
travaux de WuLF et Jones (12) que NO, présente une bande d’absorption dans 
Vintervalle 5300-6100 A avec quelques détails plus ou moins apparents, plus deux 
fortes bandes étroites & 6250 et 6650 A. Cette substance est extrémement absorbante 
ainsi qu’il résulte des mesures de SPRENGER (13) qui a trouvé pour la forte bande a 
6650 A un coefficient de 500 pour 1 cm 4 la pression atmosphérique; on sait que NO; 
se forme dans la décharge dans une atmosphére d’azote et d’oxygéne froids (Pascal). 
Cependant nous ne voyons pas bien nettement apparaitre la bande a 6250 A. Dans 
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Fig. 3. Fig. 4. 


Vincertitude ot nous sommes, non seulement des coefficients, mais encore de la 
structure de cette bande, nous ne pouvons donner cette interprétation que comme 
probable. 


III - Variations du spectre 


Ayant examiné ainsi les spectres les plus riches en raies et bandes, nous avons 
recherché s’il se présentait des modifications de ce spectre pour différentes conditions. 

Nous considérerons d’abord l’allure générale du spectre. Son noircissement n’est 
pas uniforme dans toute sa hauteur, on voit des renforcements brusques qui apparais- 
sent aussi bien sur les raies que sur le fond; certains de ces renforcements s’expliquent 
simplement par la forme de l’étincelle; elle est trés rarement rectiligne, présentant 
des angles aux changements de direction; on observe quelquefois des dédoublements; 
il est normal que si l’étincelle affecte par exemple la forme du schéma 3, la partie 
du spectre continu correspondant & be présente un noircissement plus grand di & 
Vinclinaison de la partie bc sur la normale A l’axe du spectre; il s’agit d’un effet 
purement géométrique. Le cas est le méme pour une étincelle brisée avec j uxtaposition 
comme sur la figure 4. Mais souvent ces renforcements s’observent sans qu'il y ait 
changement de direction; circonstance intéressante, ces renforcements sont beaucoup 
plus marqués dans ultraviolet; dans la région visible le spectre est beaucoup plus 
uniforme en hauteur (mis 4 part les coudes dont nous avons parlé); sur les spectres 
pris sur plaques Ilford HP3 qui couvrent le domaine 6563-2850 A, on peut voir les 
renforcements se former progressivement vers 4000 A; un examen plus approfondi 
montre alors que les raies n’ont pas exactement la méme forme dans le visible et 
Pultraviolet, bien qu’il s’agisse de la méme étincelle; dans l’ultraviolet, le renforce- 
ment ne correspond a aucun accident géométrique, mais dans le visible, & la hauteur 
correspondante, on observe un accident, angle, élargissement du canal, décalage des. 
2 parties de l’étincelle; en nous référant a la théorie de l’étincelle proposée par LorB 
et MEEK (14), il nous semble que ces points singuliers peuvent correspondre & un 
certain tatonnement dans l’établissement de la décharge, par exemple A l’extrémité 
d’une avalanche, ou & la rencontre d’un «streamer» venant en sens inverse des 
premiers streamers, etc.; il est curieux que ce phénoméne s’atténue dans Vultraviolet, 
comme si l’excitation plus énergique correspondant aux raies ultraviolettes était. 
une étape différente et légdrement postérieure de la décharge. Bien entendu les 
raies visibles auxquelles nous nous référons sont des raies fortes appartenant certaine- 
ment a létincelle et non & une pré-décharge. Ces renforcements affectent les raies 
aussi bien que le fond continu. 

Si nous portons notre attention sur les éléments plus faibles du spectre, nous. 
observons parfois que certaines raies ou bandes ne se présentent que sur une partie. 
du trajet de l’étincelle, du cédté de la pointe (et non du cété de la sphére); dans ces. 
cas, la pointe était reliée au pdle négatif; nous verrons un peu plus loin une observation 
assez voisine. Nous avons observé ce phénoméne en particulier sur les raies 3485 de 
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NIV, 3273 de OII, 3047 de OIII, 3024 de NII, 2984 de O III et aussi la bande 
1962 de N, (2¢ systéme positif). 

Voyons maintenant comment le spectre se modifie lorsque l’on fait varier la 
listance explosive de 17 cm a 1,55 m ou lorsque l’on inverse les polarités. 

Nous constatons d’abord que la largeur des raies, c’est-A-dire la largeur du canal 

umineux de l’étincelle, est variable; elle diminue quand la distance explosive 
wugmente, de sorte que les raies les plus fines s’observent pour 71 et 155 cm. 
De plus, on voit immédiatement, et particuliérement dans l’ultraviolet, que les 
pectres des petites distances explosives sont beaucoup moins riches en raies, cette 
lisparition de certaines raies tient évidemment en partie & l’élargissement signalé 
lus haut, les éléments peu intenses du spectre se fondant avec le spectre continu 
orsque la largeur plus grande de la source entraine un étalement de la raie. Mais 
l y a incontestablement un phénoméne tenant & excitation; certaines raies et 
andes n’apparaissent que pour les grandes distances explosives. Nous avons groupé 
lans le tableau II les raies et bandes existant dans les étincelles de 155 cm et qui 
mt disparu dans les étincelles de 17 cm. 


Tableau IT 
x Attributions Intensités MIT Xr Attributions Intensités MIT 
4676-61 O II 250 3277 O II 25 
4433 NII? 30 3265 O IIL 
3912 OIL 155 3247 
3805 N. 0,2 2° pos. 3225 O,? 
3794 OIL 10 3175 On 
3777 O II 18 3159 N, 1,0 2° pos. 
3755 N, 1,3 2 pos. 3123-24. OTL 25 
3734 OF Le 3117 INigtetos2 earpOe. 
3706 OF 7 3089-7 8—67— 
3639 as 10 oe a es 
3612 N3 aie 
3594 Oy 2,7 2984 O III 
3593 Ni 10 2962 Nee S18" pos. 
3518 O03. 1,6 2953 N, 4,2 2° pos. 
3483-85 NIV 9920 O; 4,4 
3478 NIV i 
3451-48 O III gale Of s 
6371 N, 0,0 2° pos. 2840 OF 3,3 
3339 N, 1,1 2° pos. 2808-06 OIV 
3324 NII 5 2747 OIl 25 


et toutes les suivantes excepté 2527 de O II. 


In voit que les éléments qui ont disparu sur les courtes étincelles sont soit des 
aies d’atomes plusieurs fois ionisés, soit des éléments relativement faibles du spectre; 
yais nous voulons insister sur le fait que leur disparition ne tient pas 4 la variation 
e largeur de la raie; la variation de largeur se traduit par un aspect plus flou, et. 
euls les éléments trés faibles ne peuvent étre retrouvés dans ce cas. La plupart des 
andes ultraviolettes ont disparu, exceptée celle due a CO, qui s’observe sur tous 
28 spectres. 

Nous sommes donc amenés A cette curieuse remarque que l’augmentation de la. 
istance et de la tension disruptive provoque l’apparition a la fois de raies exigeant. 
ne forte excitation, O IV, N IV, et de bandes relativement faciles 4 exciter. Nous. 
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pensons que la présence de ces bandes est peut-étre en rapport avec les pré-décharges 
qui se développent lorsque la distance est grande (Voir Lors et MEEK). Peut-étre 
s’agit-il aussi d’un spectre d’afterglow. Nous ne pouvons trancher pour le moment 
cette question puisque nous enregistrons non seulement l’étincelle, mais aussi tout 
phénoméne lumineux qui la précéde ou la suit immédiatement. 

Nous avons essayé de voir comment variait l’intensité de quelques rales avec la 
position le long de l’étincelle. Ces déterminations sont approximatives car la photo- 
métrie de raies, méme avec une plaque étalonnée est une opération délicate ou 
interviennent la largeur de la raie et les conditions d’enregistrement microphoto- 
métrique. Pour la méme distance disruptive, nous avons des spectres pris prés de 
la pointe, prés de la sphére et au milieu (toute l’étincelle ne tient pas dans le champ 
de l’instrument, sauf pour 17 cm). 

Une premiére étude a porté sur la raie 3331 de N II. Un résultat est trés net: du 
coté de la pointe, quelle que soit sa polarité, la raie est plus intense, de 20 % en 
moyenne; nous avons vu plus haut que certains éléments ne s’observaient quelquefois 
que du cété de la pointe. Mais il n’est apparu aucune corrélation avec la distance. 
La raie présente des variations qui peuvent étre importantes méme d’une étincelle & 
Vautre, mais ne paraissent pas liées 4 la tension. 

Une autre étude a porté sur la raie 4630 de N II également; elle présente aussi 
des fluctuations importantes, mais une certaine relation semble se dégager; l’intensité 
croit d’abord avec la distance, de 17 cm 4 50 cm, ow elle passe par un maximum 
pour décroitre ensuite aux distances plus grandes. Pour cette raie, l’intensité est 
toujours plus forte du cété du péle négatif, que ce soit la pointe ou la sphére. 

On voit done qu’aucune régle générale ne peut étre établie; le spectre ne se modifie 
pas dans son ensemble; les rapports d’intensité ne se maintiennent pas. 


IV - Etude quantitative — Fond continu 


Nous avons dit que le spectre de |’étincelle comportait une émission continue} 
elle est particuliérement accessible dans l’ultraviolet ot les raies et les bandes sont 
plus espacées. Nous avons fait l’étude de ce spectre continu. Une premiére étude 
brute a consisté 4 tracer au plus serré l’enveloppe des raies (voir figures 1 et 2) et 
a déterminer la répartition énergétique correspondant & ce tracé. Si cette enveloppe 
suit parfaitement le fond continu dans les régions 3200-2500 A, ou encore vers 
5000 A, il n’en est pas de méme entre 3800 et 4200 A par exemple ot le grand 
nombre et la proximité des bandes permettent difficilement d’atteindre le fond. La 
répartition spectrale énergétique est déterminée par comparaison avec les sources 
utilisées; elle est connue & un facteur constant prés, qui n’est pas le méme pour 
Yultraviolet et le visible; mais la région commune s’étendant de 3800 A 4200 A 
permis dans tous les cas de raccorder les deux parties sans ambiguité; les ~éoultatl 
obtenus sont portés sur la figure 5, ou chaque courbe représente la moyenne des 
résultats obtenus pour une distance d’étincelle donnée. 

On voit que les courbes, sans étre exactement paralléles, ont méme allure. Une 
région réguliérement descendante de 2500 & 3700 A; un renforcement de l’émission 
avec maximum & 4050 A; un profond minimum 4 4600 A; une remontée a 4900— 
5000 A, un deuxiéme minimum et une deuxiéme remontée. En outre la courbe 


x 


pour 50 cm présente & 2900 une émission correspondant aux bandes de CO, plus 
intenses sur le spectre. 


Le renforcement autour de 4000 A s’explique immédiatement par le grand nombre 
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Fig. 5. 


e rales et bandes; comme il était a prévoir, le tracé de l’enveloppe est incertain car 
n n/atteint pas le fond; les rales et bandes sont distantes de quelques angstroms, 
eaucoup sont assez larges dans cette région et il est possible que certaines émissions 
ient lieu dans un domaine plus large que le canal de l’étincelle (afterglow), ce qui, 
u prisme-objectif, se traduit par une raie élargie. 

Examinons maintenant le maximum secondaire 4 4900-5000 A. On voit immédia- 
sment qu'il se place 4 peu prés dans le prolongement de la partie de la courbe 
600-3700 A. 

Cette circonstance éclaire la nature des minima 4 4600 et 5300 A; il s’agit de 
andes d’absorption plus ou moins continues. 

La premiére est due au peroxyde d’azote formé par l’étincelle. Nous avons étudié 
, variation de cette bande sur les différents spectres; son intensité croit trés réguliére- 
vent de la premiére a la derniére étincelle sur toutes les plaques; la quantité formée 
arie sensiblement avec chaque série d’expériences, du simple au quadruple, mais 
e manifeste pas de corrélation avec la tension; peut-étre des circonstances extérieures, 
umidité et température de |’air ambiant, interviennent-elles pour masquer une telle 
yrrélation. Nous avons dit plus haut comment, grace aux coefficients déterminés 
ar DIXON, nous avons pu montrer que la quantité de NO, interposé entre l’étincelle 
; le spectrographe est de l’ordre de 0,4 mm (épaisseur réduite) pour une série de 

ou 5 étincelles. Nous avons également indiqué la possibilité que la 2™° bande, 
200-6100 A, soit due a la présence de NO. 

Une fois établie ainsi l’existence de l’absorption entre 4600 et 5100 A nous allons 
ouvoir étudier la répartition énergétique du fond continu, et voir en particulier 
il correspond a |’émission du corps noir & une température déterminée. On sait que 
areille émission a déja été observée dans le cas de gaz soumis aux fortes compressions 
rovoquées par une onde de choc (2). Nous avons done calculé grace aux Tables de 
aBry (15) la répartition énergétique du corps noir entre 2600 et 5800 A pour un 
tain nombre de températures; quelques-unes des courbes obtenues sont portées 
ir la figure 6. On cherche ensuite laquelle coincide avec la courbe expérimentale 
prés les avoir fait concorder pour une longueur d’onde quelconque, ici 2600 A. 
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Fig. 6. 


Pour ne pas surcharger la figure, on a porté une seule des courbes expérimentales, 
celle correspondant 4 une distance explosive de 1,55 m. On voit que la courbe 
16000° K correspond bien a cette courbe; dans la région 2600-3700 A, elle suit 
exactement la pente de la répartition spectrale, et vient la rejoindre vers 4900 A 
entre les deux bandes d’absorption. C’est donc sur un intervalle spectral de 2300 A 
que porte l’accord entre les courbes théorique et expérimentale, ce qui rend raiso- 
nable l’attribution du fond continu & un spectre d’émission thermique. Nous avons 
retrouvé la méme valeur 16000° K pour 155 em, 17 em et 30 cm. La courbe pour 
71 cm donne 15000° K. Enfin la distance 50 em correspond A 21000° K; Pagrément 
des deux courbes n’est pas aussi excellent que dans les autres cas, car des bandes 
sont encore visibles ainsi que nous l’avons déja dit. 

Autre résultat assez remarquable: I’énergie émise pour une longueur donnée d’étin- 
celle varie assez peu; en d’autres termes, la brillance d’une région de |’étincelle 
varie peu avec la longueur; nous employons le mot brillance pour mieux représenter 
le phénoméne, mais en fait nous mesurons l’énergie totale émise par une certaine 
partie de l’étincelle pendant toute sa durée; sila durée du phénoméne varie avec la 
distance disruptive, ce ne sont plus des brillances que nous comparons, mais des quan- 
tités d’énergie. Nous conserverons pourtant cette expression pour plus de commodité. 

Donc la brillance varie peu avec la distance disruptive; cependant elle est maximum 
pour 50 cm, qui donne aussi la température de couleur la plus élevée. Comme now 
avons vu que les bandes sont plus intenses pour 50 cm, et que la raie 4630 est égale- 


ment maximum pour 50 em, il semble que cette distance corresponde & des conditions 
d’excitation particuliéres. 


CONCLUSION 


Ce que nous voudrions principalement conclure de cette étude, c’est que l’étin- 
celle électrique n’est pas un événement simple et unique, mais une série de phéno- 
ménes correspondant & des conditions d’excitation différentes. La succession de 
ces phénoménes et leurs rapports d’intensité sont trés probablement variables avec 
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la tension de décharge. Cette étude n’a pas permis de séparer ces divers événements 
ont la succession constitue l’étincelle; mais en s’aidant de la théorie de Lozs & 

EEK, on peut aisément se faire une idée provisoire et grossiére de |’émission 
lumineuse. Aux stades préparatoires constitués par les avalanches et les «streamers» 
correspondent les émissions de faible excitation, la plupart des bandes et les raies 
d’atomes neutres en particulier; ces stades préparatoires sont sans doute plus 
nombreux et plus puissants pour les étincelles de grande distance car le chemin A 
frayer est plus long, ce qui explique l’intensité croissante des bandes pour des tensions 
croissantes; au phénoméne brutal de la décharge principale correspondent ensuite 
les raies de forte excitation: atomes plusieurs fois ionisés. I] ne faut pas exclure non 
plus l’existence d’une lueur légérement postérieure a la décharge. Le spectre continu 
nous parait indiscutablement lié 4 la décharge principale, ot plutdt a cette lueur 
postérieure. I] est sans doute en relation avec le phénoméne sonore qui accompagne 
étincelle. 

Une telle détermination de la température, sur de grandes étincelles, n’avait 
encore pas été faite; en effet les auteurs qui ont étudié le spectre de |’étincelle ont 
travaillé dans le visible ot la détermination d’une température de couleur n’est 
pas possible en raison du trop grand nombre de raies d’émission et aussi des bandes 
d’absorption dont seule la région ultraviolette du spectre continu permet d’affirmer 
la présence et de mesurer l’importance. 

Toutefois, nos conclusions sont intéressantes 4 rapprocher de celles de Craaas & 
MEEK (16), bien que ces auteurs alent opéré sur des étincelles beaucoup plus courtes: 
1 cm. Par une étude et des moyens complétement différents, évolution de l’intensité 
lumineuse au cours de létincelle, détermination de la concentration en ions par 
effet Stark, application de l’équation de Sana, ils ont pu déterminer la température 
de l’étincelle et trouvé 12000 a 15000° K; ils ont noté l’existence d’un afterglow 
intense, variable en durée avec le gaz dans lequel se produit |’étincelle, qui n’est pas 
di au courant parcourant le canal. Ces conclusions sont donc essentiellement les 
mémes que les notres. Mais nous nous séparons au sujet de linterprétation du 
spectre. Craces & MEEK, ayant opéré dans le spectre visible n’ont pas apercu 
’importance du spectre continu dont le maximum en raison de la température 
se place vers 2000 A. La part de l’excitation d’origine thermique est sans doute 
plus grande qu’ils ne l’ont supposé. 

En outre l’application de l’équation de Sana suppose que |’équilibre thermique 
est atteint. Or une récente théorie de Wr1zEL & Rompres (17), qui ont eu Vidée intéres- 
sante de considérer les variations de température du canal au cours de l’étincelle, 
attire l’attention sur le fait que la température des électrons et celle du gaz ne 
peuvent se mettre en équilibre en raison de la briéveté du phénoméne. 

Ces légéres différences ne sauraient faire oublier le bon accord entre des conclusions 
»btenues par des voies aussi différentes. 


Ce travail a été effectué avec l’aide d’une subvention du Svenska Statens Natur- 
vetenskapliga Forskningsrad et avec la collaboration technique de Messieurs 0. 
SALKA, ingénieur & l'Institut des Hautes Tensions d’Uppsala et B. Leroy, Techni- 
sien du Centre National de la Recherche Scientifique et nous sommes heureux 
Vadresser nos remerciements 4 ces personnes et ces organismes dont l’aide a permis 
Vaccomplir cette étude. 


Institutet for hégspanningsforskning, Uppsala Universitet; Physique de l’Atmos- 
yhére, Université de Paris. Avril 1952. 
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1. Introduction 


In previous papers’ we have given surveys of earlier investigations concerning 
(x p)-reactions, in particular reactions on aluminium, boron, fluorine and sodium. 
Methods of determining the Y-values for the («p)-reactions were described. A new 
arrangement for measuring the Q-values by means of modern photographic nuclear 
research emulsions and a polonium «-particle source was developed. 

We have now continued these investigations by bombarding nitrogen with «-par- 
ticles from the same source. In addition we have investigated the effect of elastically 
scattered protons, originating in the thin mica window, which covered the polonium 
source in order to prevent the target, the emulsion and other surfaces in the vacuum 
chamber from being contaminated with polonium sample fragments. 

Furthermore, we have compared the range distribution of the «-particles from the 
polonium sample with the range distribution of the «-particles from ThC + C’ in 
order to measure how much of the energy spread in the polonium «-particles is due 
to straggling and scattering in the sample itself and in the mica window. 


2. Earlier investigations on nitrogen 


_ As is well known, N14(«p)O1? was the first artificial nuclear reaction ever observed. 
The discovery was made by RutHerForD*’, who in 1919 bombarded light ele- 
ments with «-particles from RaC’. Even in these early experiments the effect of 
recoil protons from hydrogen in the target material or window was observed. Biac- 


1 FH. Starts, BE. Hsatmar, and R. Carusson, Arkiv f. Fysik 3, No 17, 1951; Phys. Rev. 87, 641, 
2 &. Hszatmar and H. Sratis, Arkiv f. Fysik 4, No 14, 1952. 


3 &. RurHerrorD, Phil. Mag. 37, 537, 1919. Nature 103, 415, 1919. 
4B. RurHerForD, Proc. Roy. Soe. A. 97, 374. 1920. 
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KETT’s® important Wilson-chamber investigations later gave evidence for the fact 
that when a proton is expelled, the «-particle is captured by the nitrogen nucleus. 
CHADWICK, CONSTABLE, and PoLLarD® bombarded nitrogen with «-particles from 
polonium and found evidence for one group of protons corresponding to QY =about 
—1.3 MeV. SreupEt’ also used polonium «-particles. He observed only one proton 
group, the range of which was 17.2 cm. 

One proton group was also found by HaxeE.’, who used «-particles with ranges 
4-8.6 cm. The Q-value of the group was —1.27 MeV. He observed that the proton 
yield decreased for «-particle ranges exceeding 6 cm, depending on the increasing 
neutron yield from the competing («n)-reaction. STEGMANN® believed that he found 
three groups, with the Q-values —0.41, —0.95, and —1.60 MeV. This result seems to 
be in disagreement with other investigations. He used polonium «-particles. 

FISCHER-COLBRIE!® bombarded dicyandiamide in thick layers and thin gaseous 
nitrogen layers with RaC «-particles. FiscHER-COLBRIE and STETTER!! deduced from 
these experiments two groups, the Q-values of which are —1.4 and —2.8 MeV. The 
difference 1.4 MeV seems to agree with the energy 1.3-1.5 MeV of the gamma rays 
observed by Savet!®. Gamma-rays from nitrogen bombarded with polonium alphas 
have also been recorded by one of us?%. 

The excited states of the residual nucleus O17 can also be studied in the O18 (dp) 017- 
reaction. Cockcrorr and Lewis" bombarded targets of quartz and HPO, with 
575 keV deuterons and found three groups of protons. Two of these groups belonged 
to the oxygen reaction and gave the Q-values 1.91 and 1.03 MeV. This gives for the 
excited state in O!” the energy 0.88 MeV. Livineston and Bretue™ have corrected 
these values for the thickness of the target, and give 0.83 MeV for the excited state 
in O!7, 

Burcuam and SmirH!® bombarded metallic fluoride deposits (KF, NaF, AgF, 
BaF.) with 0.85 MeV deuterons (from an accelerating tube) and found five alpha 
particle groups from the F19(d«) O17 reaction. The energy of the lowest excited 017 
level was 0.83 MeV. 

Rorsiat’” *!° studied the levels in O17 using the reactions O18 (dp) O17 and 
F1°(d«)O1" for 7.8 MeV deuterons. The protons and alpha particles were recorded 
by means of photographic plates. He found 10 levels. The energy of the first excited 
O17-level was 0.875 MeV. 

GUGGENHEIMER, HeItLEeR, and Powri2° made scattering experiments with 6.5 


° P. M. S. Buackert, Proc. Roy. Soc. A 107, 349, 1925. 
J. CHADWICK, J. EK. R. Consvasxe, and E. C. Pottarp, Proc. Roy. Soe. A 130, 463, 1931. 
STEUDEL, Z. f. Ph. 77, 139, 1932. 
. Haxet, Z. f. Ph. 93, 400, 1935. 
. SreamMann, Z. f. Ph. 95, 72, 1935. 
. Fiscoer-Coiprin, Ak. W. Wien, 145, 283, 1936. ; 
. Sterrer, Z. f. Ph. 100, 652, 1936. 
. SAVEL, C. R. 198, 1404, 1934. 
. SxAtis, Nature 167, 899, 1948: Arkiv f. Astr. Mat. Fys. 35 A, No 31, 1948. 
D. Cockcrorr and W. B. Lewis, Proc. Roy. Soc. A 154, 261, 1936. 
te S. Livinaston and H. A. Berur Rev. Mod. Phys. 9, 245, 1937. 
W. E. Burcuam and C. L. Smiru, Proc. Roy. Soc. A 168, 176, 1938. 
7 J. Rorsiat, Nature 160, 462, 1947. 
Ate wie Hornyak, T. Lauritsen, P. Morrison, and W. A. Fowier, Rev. Mod. Phys. 22, 
gh AJZENBERG and T. Lauritsen. First draft copy of a contemplated revision of Energy 
Levels of Light Nuclei (ref. 18), July 16, 1952, Rev. Mod. Phys. 24, 321, 1952. 
K. M. Guecrenuerimer, H. HeEItTiLER, and C. F. Powstt, Proc. Roy. Soc. A 190, 196, 1947. 
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eV deuterons on a number of light elements, the protons being recorded by means 
photographic emulsions. They obtained an energy of 0.85 MeV for the first excited 

ate in 01”. PottarD and Davison2! used an absorption cell for determining the 
nergy of the protons and found 0.86 MeV for the same state. They also used the 
114(xp) O17-reaction, obtaining the Q-values -1.31 and —2.12 MeV, giving for the 
xcited level the energy 0.81 MeV. HnypEenBure and Incuis22 used deuteron energies 
rom 0.65 to 3.05 MeV and thin oxide targets. The protons observed by means of 
nn ionization chamber gave 0.87 MeV for the first O17-level. 

HEYDENBURG, IneLiIs, WHITEHEAD, Jr., and Harner” give the redetermination 
-91 MeV. Burcuner, Strait, SPeRDUTO, and Matm™ analyzed the protons from the 
euteron bombardment of O16 targets with a high resolution magnetic spectrometer 
nd obtained 0.876 + 0.009 MeV as the energy of the first excited state in O17. 

ALBURGER” studied the Compton electrons released in a radiator by the gamma 
ays emitted from the excited O!7-nucleus. The energy distribution of the electrons 
vas measured in a lens spectrometer. The energy for the first excited level was 
ound to be 900+50 keV. 

CHAMPION and Roy” bombarded gaseous nitrogen with polonium alpha particles 
nd studied the angular distribution of the proton tracks in a Wilson chamber, 
inding an approximately isotropic distribution for protons ejected by alpha particles 
f energy less than 3 MeV, but a preponderance at about 90° for the protons ejected 
yy alpha particles of range about 2 cm in air at N.T.P. (3.4 MeV). Roy?’ used the 
hhotographic emulsion technique, and found the @-values—1.16 and —2.0 MeV for 
he N!*(ap)O!7-reaction. The angular distribution of protons in the centre-of-mass 
ystem has a maximum at 90° for the ground state, .and is isotropic for the excited 
tate. The experiments showed resonance out for two different alpha particle 
nergies, 3.6 and 4.2 MeV. 

Burrows, Powe xu, and Rorsiat?® determined the energy of the excited states 
wf the O17 nucleus by observations on the protons from the O1!%(dp)O!" reaction 
md the alpha particles from the reaction F!°(d«)O1!’. The protons and the alpha 
articles were recorded by means of photographic emulsions. Thirteen excited states 
yf O17 were observed. We give here only the mean energy value for the first excited 
tate: 0.87 + 0.02 MeV. Watson (see ref. 22) determined the energy of the «-particles 
n the F19(d«)O17?-reaction by means of a magnetic spectrometer and found for the 
irst state the energy 883 +11 keV. Van Patter (see ref. 18 and 19) has given the 
ralue 880 +5 keV for this energy. 

Tomas and LauritsEN?? have used a beta spectrometer for determining the 
nergy of the gamma-ray from the first excited O1!7-state and found 870.5 + 2 keV. 

The results previously obtained together with our values are summarized for 
onvenience in Table I. It is seen that only a few investigations were made on the 


21 ®. PottaRpD and P. W. Davison, Phys. Rev. 72, 736, 1947. 

22 NI) P, HeypENBURG and D. R. Inewis, Phys. Rev. 73, 230, 1948. 

23 WW. P. Heypensure, D. R. Inexis, W. D. Wurrenean, Jr., and E. M. Harner, Phys. 
tev. 75, 1147, 1949. 

24 -W. W. Burcuner, E. N. Strait, A. SpERDUTO, and R. Matm, Phys. Rev. 76, 1543, 1949. 

25 TD, E. ALBURGER, Phys. Rev. 75, 51, 1949. 

26 H.C. Cuampion and R. R. Roy, Proc. Roy. Soc. A 191, 269, 1947. 

27 R. R. Roy, Centre de Phys. Nucleaire, Univ. Libre de Bruxelles, No 21 Sept. 1950; Phys. 
tev. 82, 227, 1951. 

28 Hf. B. Burrows, C. F. Powetz, and J. Rorsuat, Proc. Roy. Soc, A 209, 461, 478, 1951. 

29 R. G. Taomas and T. Laurirsen, Phys. Rev. 88, 969, 1952. 
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N™ (xp) O17-reaction and that the @-values measured by different authors are in- 
consistent. The nominal Q-value computed from mass-spectroscopical data is also 
quoted (ref. 18). The energy for the first excited state in the 017-nucleus has been 
studied very thoroughly by means of the 016 (dp) O17-reaction. It is seen that the 
results obtained by the different workers agree closely between themselves and with 
the results from the F19(d«)017-reaction. The mean of all these E,-values is 0.8705 
MeV, which is exactly the value given by THomas and LAURITSEN??. 

The photographic emulsion technique has been used earlier only four times in 
connection with the nucleus O17 and only once for the N44(«p) 017 reaction. It was 
therefore interesting to check the earlier results and to make a new determination 
of the Q-value for this reaction. The emulsion studied in the present work had al- 
ready been exposed in June 1950, before the interesting paper by Roy (see Table I) 
had appeared. 


3. Bombardment of nitrogen 


The experimental arrangement for investigating proton tracks from the nitrogen 

target bombarded with alpha particles from a polonium source was the same as that 
described in our previous papers’. As mentioned above, the bombardment of the 
nitrogen target was performed in 1950, using the same polonium sample as that used 
for the other bombardments described. 
The nitrogen target consisted of a chromium-plated copper sheet, on which a 
thin layer of chromium nitride had been formed by heating the plate in an atmosphere 
of pure nitrogen.* The size of the target was the usual one, 5 x 10 cm. Exposure was 
made for 23 hours, the strength of the polonium source being about 12 mC. The 
Q-values obtained from 262 proton tracks are presented diagrammatically in Fig. 1. 
We have again used the integration method described in ref. 1. The Q-values belonging 
to individual tracks are seen below in the figure (indicated by short vertical lines, 
group a in the figure). We have also marked false Q-values, which originate in elasti- 
cally-scattered protons from the window (the individual false Q-values are indicated 
in the line group b, Fig. 1). The phenomenon of the elastically scattered protons is 
treated in section 4. These protons were found by bombarding a target of iron with 
alpha particles. This was also done in ref. 1 (compare Fig. 12, which gives the false 
Q-values for boron), but was now studied in more detail. Thus 162 proton tracks 
were measured. The distribution of the false nitrogen @Q-values is indicated by the 
dotted curve e in Fig. 1. The height of the distribution curve corresponds to the 
intensity valid for the nitrogen target and is computed from the exposing times for 
the N- and Fe-plates, the emulsion areas scanned, and the strength of the polonium 
source when the exposures were made. When the dotted curve e is subtracted from 
the curve c for the Q-values for protons from the nitrogen target we get the curve 
} g, which belongs to the N14(«)O17-reaction. The curve shows two marked maxima, 
indicating the Q-values for a transmission to the ground state and to the first excited 
‘level of O17, respectively. 

Fig. 1 shows that the Q-value for a transmission to the ground state of O17 is 
Q) =— 1.16. The half-width of the corresponding distribution curve is 0.48 MeV 
or exactly the same as for the most prominent line (Q = 0.14) in the Q-values obtained 
for the Al?? (xp) Si?9-reaction (Fig. 10 in ref. 1), when the @-values are integrated 


* We are indebted to Fil. lic. WiLHELM ForstincG, Nobel Institute of Physics, Stockholm, 
who kindly carried out this nitration. 
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Fig. 1. The most probable Q-values for the N"(ap)O""-reaction, computed from the Q-values 

obtained from 262 proton tracks. a) Individual Q-values for protons from a thin chromium nitride 

layer on a chromium-plated copper sheet. b) Individual Q-values for protons from an iron target, 

the protons considered as belonging to the N (ap) O-reaction. c) Distribution curve obtained when 

the Q-values (a) are integrated. Each a-value is replaced by a triangle (a) seen to the right in 

the figure. e) Distribution curve for the Q-values (6). f, g) Difference between the distributions 
ce and e. h) Corrected size and position of g (see the text). 
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using the same base (0.5 MeV) for the triangle belonging to each individual Q-value. 
This shows that the thickness of the chromium nitride was of the same order of 
magnitude, viz. 0.15 mg/em?, which was also confirmed by weighing. However, 
the half-width of the Q-value distribution belonging to the first excited state is 
only 0.28 MeV. This is because no proton tracks shorter than 25 y were counted in 
order to ensure that no contaminating alpha particles were included (the range for 
5.3 MeV alpha particles is 22.3 u.). The lack of a second maximum in the false Q-value 
distribution e (Fig. 1) shows that this rule was sufficient to prevent the counting of 
alpha particles (a small hump in the curve e shows, however, that in spite of this 
rule a few alpha particles were indeed counted). It is not likely that many tracks on 
the right-hand side of the peak g have been omitted (the range for the track giving 
@ =— 1.71 MeV was for instance 34.5 1). We have therefore considered the upper 
energy limit of the peak g as being correct, and broadened the peak, taking the point 
at @ =— 1.64 MeV as fixed, until the half-width was 0.52 MeV. This value was 
considered as the most probable half-width of the line in question, for the following 
reasons. The half-width of a Q-value peak increases when the proton energy decreases. 
This will be a consequence of the difficulty in measuring h, the depth of the end of 
the proton track in the emulsion. The half-width of the —1.75 MeV Q-line in Fig. 
11, ref. 1, is 0.65 MeV and that of the 0.65 MeV line is 0.53 MeV. If the broadening 
effect of 0.12 MeV is considered proportional to the difference of the corresponding 
proton energies, we interpolate for the nitrogen case a broadening effect of 0.04 
MeV. The half-width of the f-line in Fig. 1 is 0.48 MeV. This gives the value 0.52 
MeV for the half-width of the corrected f-line. In this way we obtain the distribution 
h, which we consider to be a probable Q-value distribution for the first excited state 
in O17, Of course the procedure used involves a certain arbitrariness, and the value 
Q, =— 2.02 MeV obtained has not at all the same accuracy as the Q-value. However, 
the difference Q,—Q, =0.86 MeV is in perfect agreement with the well known 
energy 0.87 MeV for the first excited level in 017, measured from the O18(dp) O17 
and F19(d«)O17 reactions (see Table I). Our values agree almost exactly with those 
found by Roy. 

The agreement between the nominal value Q) = — 1.198, computed from mass- 


spectroscopy data’ !®, and our value —1.16 is also good. 


4. Elastically scattered protons 


By elastic collisions between alpha particles and protons a large number of recoil 
protons are released in the mica window in front of the polonium sample. These recoil 
protons are in turn elastically scattered by the heavy nuclei in the target and form 
in this way a background for the protons, which belong to the («p)-process studied. 
We have already shown how this background can be experimentally determined 
and corrected for. However, it may be of interest to check the interpretation of the 
recoil protons by some theoretical deductions. 

First we calculate the energy E, of those protons, which emerge essentially per- 
pendicular to the mica window (Fig. 2, see also Fig. 5 in ref. 1). Po is the polonium 
sample. An alpha particle « is emitted from the sample and hits the mica window 
at the point M,. The angle between the «-particle path and the normal of the window 
is @. A proton may be emitted perpendicularly to the window at M,, at M, or between 
M, and M,. The loss AE, in energy for the alpha particle between M, and M, will 
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Fig. 2. Protons emerging from the mica window covering the polonium sample Po. The protons 
p 1 and py are expelled by elastic impact at M, and My of alpha particles from the polonium sample. 


be approximately A E,/cos © if AE, is the energy loss for © = 0°. The energy of the 
proton emitted is found from the well known formula (see ref. 1). 


M, 7] _ 2VE, E.M, Ma 
i) B(1 MM, U, co 


Q=2,(1 | 


s@. (1) 


Q is the excess of the sum of the kinetic energy #, of the proton and the energy 
E, of the residual nucleus over the energy E, of the incident alpha particle. Mz, 
M, and M, are the masses of the alpha particle, the proton, and the residual nucleus, 
respectively. We have Q =O for elastic collisions. In the case considered M, = 1, 
M,=M, =4, and hence 


E, = 0.64 E, cos? @. (2) 


The highest value for the energy £, is obtained if the impact happens at the point 
M,. Then, because BE, =5.3 MeV, 


Ey, = 0.64 -5.3 cos? ®O—AE,,. (3) 


AE,, is the loss of energy for the proton penetrating the window. AE), is found for 
instance from the curves given by Livingston and Berue, ref. 15. (the air equivalent 
of the window is known from the fact that the 5.3 MeV polonium alpha particles 
have the mean energy 4.6 MeV after penetrating the mica window. This gives an air 


equivalent of 0.73 cm). The smallest value for the energy E,, occurs if the impact 
takes place at M,. Then 


Ey, = 0.64 (5.3—A Ey/cos @) cos? @ (4) 


In order to find the mean energy E,, for the protons emerging normally to the 
window we have to find the intensity N of the protons as a function of ®. The 
number of protons emitted in directions for which © is between © and © + dO is 
proportional to the area of a ring, the radius of which is sin © and the width d sin ®@ = 


cos Od@. Thus, if A is a constant, 
dN/dO =A sin © cos @. 


We are interested in the number of protons emitted essentially normal to the 
window or inside a differential pyramid, the height of which is 1 and the base area 
a—d@-d0. Fig. 3 shows that dN =A sin @ cos@d@-d0/2x sin © =Bcos @da, 
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Fig. 3. Deduction of the intensity of the recoil protons emerging approximately perpendicularly 
to the mica window. 


where B is a constant. The intensity of the protons emitted normally to the window 
is thus 


dN/da =B cos ® (5) 


Fig. 4 shows the number of protons dN/da as a function of the proton energies 
H,, and E,,, computed by the formulas (3), (4), and (5). Proton tracks shorter than 
25 u are not counted (see § 3), and hence protons of energy below 1.5 MeV are not 
included in the calculation. Now the protons recorded in the emulsion have been 
scattered from the target. If the protons were elastically scattered, the 1.5 MeV 
protons originate in about 1.6 MeV protons before the scattering (this is easily con- 
firmed by formula (1), if we put M,=M.=1, Q=0, and #, =the energy of the 
proton before scattering). The equations (3) and (4) give the maximum and minimum 
energies for a given @. If we consider also the energies between these limits, we get 
a mean distribution of the recoil protons represented by the line P in Fig. 4 and a 
mean proton energy H, =2.47 MeV. 


dN/da=cos8@ 


1.0 


0 1 2 247 3 MeV 


Fig. 4. Energy distribution P of the protons emerging approximately perpendicularly to the 
mica window. 
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Fig. 5. Theoretical false Q-value distribution (originating in elastically-scattered recoil protons 
considered as belonging to the N(ap)O-reaction) compared with the experimental curve, used 
as background in computing the nitrogen Q-values in Fig. 1. 


The distribution of false Q-values can now be computed by means of the dis- 
tribution P and compared with the experimental distribution, curve e in Fig. 1. The 
elastically scattered protons were all recorded by tracks studied in a limited area of 
emulsion with = 7-8 cm (see Fig. 7 in ref. 1), and hence we can use the same value 
9 = 65° for protons emerging normally to the window when we estimate the energy of 
the protons scattered from the iron target. The energies 1.6, 2.94, and 3.32 MeV of the 
protons before the elastic scattering will then correspond to the energies 1.55, 2.84, 
and 3.20 MeV after the scattering, respectively. By means of the formula (1) we get 
the false @-values —2.40, —1.34, and —0.89, respectively, when we consider the 
protons as originating in the N'¥(«p)017-reaction. Fig. 5 shows the theoretical 
distribution obtained in the way described above compared with the experimental 
curve which we have used as background in computing the nitrogen @-values in 
Fig. 1. It is seen that the agreement is remarkably good, when we consider that 
the decrease in the intensity of the experimental Q-values in the negative direction 
depends on the fact that tracks with a length smaller than 25 u were not included 
in the count. 

In order to increase the accuracy of our method for measuring of @Q-values for 
(«p)-reactions it is obviously desirable to diminish the number of elastically scattered 
protons. This would be possible if thinner mica windows or other alpha particle 
sources were used, such as for instance ThC + C’. 


5. Possible improvements in the method used 


In ref. 1 we have discussed the accuracy of the method introduced for determining 
Q-values of («p)-reactions. It was shown that the largest errors arise from the measure- 
ment of h, the depth of the end of the track in the emulsion. An error in / causes an 
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Fig. 6. Measurement of the energy of the ThC + C’ alpha particles by means of nuclear research 
emulsions. The peak values are compared with the spectrometer values obtained by Lewis and 
BOWDEN. 


error in v (angle between the track and the surface of the emulsion) and hence in 
the track length and thus in the energy of the proton. This error can be reduced 
by the use of small angles v. The accuracy in the values of # (angle between the direc- 
tion of motion of the proton and that of the alpha particle) could be greatly increased 
by the use of target sizes and positions such that v + 4%. But already in our equipment 
as used so far the half-widths AQ of the Q-value distribution peaks have been of the 
same order of magnitude (0.48 MeV) as the half-width A , of the energy distribution 
(0.4 MeV) for the alpha-particles (see Fig. 6 in ref. 1). If we consider the half-width AQ 
of the Q-value distribution peak to be composed only of the uncertainty A #, and the 
uncertainty A#, introduced by the emulsion technique, we find AF, =VA V—A FE 
=().26 MeV. This half-width in the energy distribution is hence to be expected if 
we investigate the energy distribution of a monoenergetic source. We have tested 
this by a study of the alpha particle energy distribution for ThC and ThC’. Fig. 
6 shows indeed that the half-width for the ThC’ peak is only 0.21 MeV and thus of 
the expected order of magnitude. In addition the alpha particle energies found by 
us are compared with the corresponding values of Lewis and BowprEn®®, who 
measured the deflection of the alpha particles in an annular magnetic field, the 
particles being counted by means of an ionization chamber. The 6.06 MeV peak consists 
of two components, which are not resolved by the emulsion technique. The energies 
and the intensities are according to Lewis and BowbeEn 6.044,, MeV and 6.083¢5 


30 W. B. Lewis and B. V. BowpEn, Proc. Roy. Soc. A 145, 235, 1934. 
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MeV, 69.8% and 27.2 % respectively. The difference between our value 6.06 MeV 
and the weighted mean 6.055 MeV is only ~0.08 per cent. The difference between 
the values for ThC’ is still smaller. 

The half-width 0.21 MeV found for the alpha particle energy distribution for 
ThC’ and our discussion above indicate that half-widths of about 0.25 MeV in the 
Q-value peaks are to be expected if monoenergetic alpha particle sources and the 
improvements suggested above in our method for measuring Q-values for («p)-reac- 
tions are introduced. 


SUMMARY 


1. A survey is given of earlier investigations concerning the N14(« p)O17-reaction, 
and the energy of the first excited level in O17 as determined from other reactions. 

2. By means of an arrangement developed earlier using nuclear research emul- 
sions we have observed two proton groups from the («p)-reaction in nitrogen, with 
Q= —1.16 and — 2.0 MeV, respectively, in close agreement with the values obtained 
by Roy. 

3. The energy distribution of the elastically scattered protons originating in 
(«p)-recoils in the mica window of the polonium source was estimated theoretically. 
The result was in close agreement with the experimentally measured energy distribu- 
tion. 

4. The energy distributions of the alpha particles from ThC and Th’ were 
studied by means of nuclear research plates, and the energies found were compared 
with the spectrometer results obtained by Lewis and Bowpen. 

5. Improvements in our emulsion technique method are suggested. 


Nobel Institute of Physics, Stockholm 50, Sweden. 
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Phase contrast measuremeuts of the ruling structure 
of optical gratings. II. 


By Erix INGELstam and Erik DyurLE 


With 12 figures in the text 


Sections, figures and tables are numbered in succession from Part I 


8. Further developments of the method 


This second part of a paper whose first part was published last year (1) reports 
technical improvements, and includes a more extensive theoretical treatment. The 
methods described should be of use for studying gratings of intermediate and large 
size for scientific spectroscopy. Using these techniques it is possible to construct a 
true phase map of the wave-fronts from the grating, within the limits of error given 
in Part I, and which are calculated more closely in this paper. Such an investigation 
of a grating, where the wave-front phase function can be found to about 1° ( ~A/400) 
within a sideways resolution of about 50 microns, reveals interesting features of the 
grating structure, some of which are of theoretical and practical value for the spectro- 
scopic performance, and for the process of manufacture. 

Another development lies in the standardization of this test method so that it 
may be carried out with especially simple accessories, requiring for example only a 
photographic record through a gray wedge, instead of photoelectric scanning. This 
method is only treated briefly as it has been published elsewhere (2). 


9. Possible correction of the vector zero point of the phase diagram 


The method of obtaining the position of the point O’ of the vector diagram Fig. 7 
on page 432 of part I, from which the light amplitude vectors in the phase contrast 
field start, was given in Section 2, pages 425-427. This treatment presumes that the 
ideal conditions of this method as mentioned in Section 1 are quantitatively valid, 
namely, that all the light emanating from the main diffraction line (the main spectral 
line) is rotated in phase through the angle y, and that the diffraction spectrum due 
to the periodic structures (the ghost lines) remains equally quantitatively unchanged 
in phase. 

This assumption is practically always valid, but the width of the central zone of 
the phase plate must be dimensioned so as to fulfil conditions imposed by the angular 
aperture of the grating, and the width of the spectral line used. As a guide to the 
correct application of this method it may be of some use to treat the diffraction 
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Fig. 19. Wave-front forming diffraction figure in the plane of the phase plate (really a phase 
mirror, as indicated in the upper right-hand corner). 


problem in general showing the degree of approximation inherent in the above 
assumption. 

The treatment follows that previously given for phase-uniform rectangular aper- 
tures by one of the writers (3). Fig. 18 is essentially the same vector diagram as that 
in Fig. 7a, OM representing the amplitude of the main line, which is focused on the 
central area of the phase mirror. However, the image of a slit which is, provisionally, 
assumed infinitely narrow and illuminated with strictly monochromatic light, is a 
diffraction figure having the well-known amplitude function A sin B/B, where B is 
a quantity proportional to the linear extension perpendicular to the slit and zone 
borders. In this case, as is obvious from Figure 19, 


27 
potent ee 


where 2 is the angular opening of the grating, and f+ wu represents the length coor- 
dinate in the plane of the spectrum (i.e. at the phase mirror, in a direction perpendicu- 
lar to the optical axis). The focal length f is alternatively that of a lens behind a plane 
grating, or the distance to a concave grating in its actual mounting. To simplify the 
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Fig. 20. Amplitude distribution curve of diffraction figure. 


notation and to make comparison with the diffraction geometry easier, we convert 
all linear widths, even those of slits and wavelength dispersions, from the f-u length 
coordinates to § angular measure. 

The amplitude length OM is the integral 


normalized to unity for a zone of the wave-front of unit area, and the usual assump- 
tion when using the vector representation is that all of this light is rotated in phase. 
If, in general, the borders of the central zone cut the diffraction pattern at y, and 


V2, Fig. 20, only the part 
Vo p 
I 43a B ap 
v1 


p 


is rotated, and the parts in the regions of integration (— 9, y,) and (j,,+ oo) are 
unchanged. The contributions from these regions should be used for correcting the 
O’ point, by adding two vectors in the zero and y angle directions (3). 

Now regarding the width of the slit, which in angular measure is 2 z, the diffraction 
figure is built up by the superposition of non-coherent infinitely thin slits of the 
amplitude function just given. At every point, the intensity is given by the summation 


Bre Bre ” 
Se 4 + 9 . 
(I) | ae ana? | si (24) 82") , where gi (y= | tae 
0 


iB t 


The spectral line acting as source of the wave-front is not strictly monochromatic; 
it has an amplitude function L(A) which is determined by the atomic structure of 
the emitting element and the excitation conditions in the lamp. This means that the 
wave-fronts indicated in Fig. 19 consist of a series, each member slightly tilted an 
angle corresponding to the dispersion. The intensity of the real spectral line can thus 


be written 
A 


(II) 1(6)= { E (A, B) fie dh 


Ay B-2 


where A, and A, are the limits between which the line has a noticeable intensity. 


465 


E. INGELSTAM, E. DJURLE, Phase contrast measurements. IT. 


The influence in this respect of the three factors, the diffraction phenomenon 
itself, the slit width, and the lack of monochromacy, depends greatly on the spectral 
line used, the choice of which is often a question of intensity. As is well known, 
spectroscopists often choose the slit width so that the diffraction figure will be suf- 
ficiently narrow to let the fine structure appear. For a phase contrast examination 
the demands of monochromacy are often not severe, and on the other hand all inten- 
sity gain is welcome when the image is scanned photoelectrically. For this reason, a 
medium pressure spectral mercury lamp was often used, emitting the green 5461 
A line, which could be as broad as 1 A. For the high-resolving grating reported later 
in this paper, the sodium line 5890 A was used, and if the test is to be taken to its 
limit of accuracy, the 198 mercury lamp or another single-isotope lamp could be 
used with advantage. 

Considering now the vector diagram, Fig. 18, the correction of the O’ position should 
be performed. For ease of calculation, the line from 0’ to the centre O is drawn and 
the polar coordinates @ and « are introduced instead of A(=L), y and g. The cor- 
rection of O’ to its real position for a phase diagram, corresponding to an infinitely 
thin slit, situated at a distance ¢ in angular measure from the centre of the entrance 
slit, for a given intersection of the zone borders of the phase plate at y, and y, has 
the same argument « as OO’, and the modulus 964. The value of 64 is found to be 


(IIT) ba=2[8i (4 +0) +8i (2-2-2), 


and the proof of the rule of direction is given by the geometrical conditions. 

The phase contrast image is built up firstly by superposition of non-coherent phase 
contrast images for these infinitely thin slits. Secondly an other kind of superposi- 
tion is due to the amplitude function L(A). The superposition of phase diagrams 
as Fig. 18 gives, if 64 is the correction and L is the amplitude for the different 
diagrams in question, and terms of higher orders than 6 4 are neglected, 


> 16 
IV Ee Shee hae 
(IV) b= 
The superposition is carried out in the two steps indicated, firstly for the function 
L(4) with A constant over the entrance slit. As the entrance slit is uniformly illu- 


minated, L(A) is constant at this procedure. We get, as an application of formula 
IV combined with III, 


1 +2 , 
02> EE | [Si (v1 +¢) + Si (ye—¢)-a]df= 
Ye-F 


cl [eae oe 


Si (x) oscillates about 2/2 for 2>0 with its maxima and minima values at z=n-2 

where are integers. The oscillation of sin B/B can conveniently be approximated 
by a broken saw-tooth curve as shown in the first curve of Fig. 21. When integrated 
with respect to 8, we obtain the variation of Si (y+¢) with ¢. The second curve of. 
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Fig. 21. Approximated sin z/# and Si (a) curves. 


Fig. 21 represents this integral, diminished by the asymptotic value z/2, the values 
denoted k. The construction of the first curve was performed so that the & values 
for y=n-z are correct. The integral over the slit width (between —z and +2) is 
thus the average value of the surface below the second curve in the region (y—z, 
y +z). Because the function is oscillating, these corrections vary, depending on 
where the y values fall. The corrections are greatest for y= +n-a. 

For carrying out the second superposition, that for the wavelength distribution 
within the spectral line, the different L(A) need to be calculated from the recorded 
intensity curve J (8). Coherence exists between the light included in the J () func- 
tion insofar as it involves scattered light or line broadening on account of aberra- 
tions, while the parts which really belong to other wavelengths are non-coherent. 
If non-coherence is assumed, L (A) can be calculated from IL following an approxi- 
mate method. Instead of a continuous spectrum for L (A) a series of discrete spectral 
lines is supposed to lie at the centre, and at the zero values of the diffraction func- 
tion, +z, +22, +32, etc. Each of these lines has an intensity distribution as 
given by formula I. The unknown L for the discrete values at the positions +n-x 
can be calculated, since J (8)= > L?(A, 8). A determinant is obtained for L(A), 
which can be limited to the nearest lines, as the intensity falls off rather quickly 
for every line, according to the sin 6/f function. 

The values 6, and L (A), obtained by these procedures, combine to the final cor- 
rection 6 according to formula IV. 

Calculations have been made according to this scheme for the 5461 A mercury 
light used, and for two different phase mirror zones, corresponding to +y=9a 
and +y=4a2, both of which correspond to cases which have occurred in practice. 
The results are as follows. 

A symmetrical cut at y,,.= +92 gives a correction of 6 = — 0.1%. If the cut is 
unsymmetrical, so that y, = — 10 and y, = + 8a, the amount is the same, namely 
—0.1%. In this case, which corresponds to dimensions which for several reasons 
may be recommended for examining mainly periodic errors (2), the correction is 
negligible in comparison with other errors involved in the procedure. 

For the narrow central zone of the phase plate, corresponding to a symmetrical 
intersection at the phase plate of y = +42, the values are considerably higher; thus 
6 = —1.0%. In cases where y < +272, the phase contrast method can no longer be 
said to be quantitative; the image has a light distribution due to interferences which 
must be taken into account and which make the records less true in regard to the 


real phase function of the object. 
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Fig. 22. Evaluation in the case of mixed amplitude-phase contrast. 


10. Mixed amplitude-phase contrast 


In two practical cases it may happen that different parts of the object field have 
different intensities. In this case the required investigation of the phases is com- 
plicated by the presence of amplitude variations. The first of these practical cases is 
when the shape of the grooves of a grating varies along the surface, which is not 
seldom the case when the grating is strongly “blazed”, as the diamond can have 
changed its shape. The second case is when the grating is not uniformly illuminated. 

As in these cases the light from all the object field is coherent, the phase contrast dia- 
gram is still valid, and vectorial additions of amplitudes are permissible, although 
there is now a new variable, the incoming amplitudes, as is shown in Fig. 22. Not more 
than two distinct amplitudes A, and A,, are represented in the figure. The vector 
OM, which will be denoted by A, is the average amplitude built up by A, and A,, 
weighted according to the respective areas of the field. If A, and A, were known, the 
phase angle y could be determined from the measured 7? and r3 by means of a curve 
such as Fig. 7 b. 

In general, A being variable, within the limitations just stated, intensities in the 
phase contrast image are functions r2 = (A, ~), which, as is required, may be writ- 
ten y = g(A, r*). According to the geometry of the figure, the function is 


_@ =r (a) Ale) 
20°:A(z) 20° 


cos [@ (aw) — «] 


It is possible to find the unknown function of A by an ordinary imaging. This is 
done by adjusting the phase mirror so that the whole diffraction figure falls on its 
peripheral part, no auxiliary re-adjustments being made, and scanning the image. 
The average intensity is evaluated from the average height of the planimetered 
curve, and thus the factor o is known, as well as the function A, which is the square 
root of the curve scanned. The function 2 is, as usual, the scanned phase contrast 
intensity. According to the equation given, @ is then found from a double nomogram 
where the corresponding readings r2 and A enter. 
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Pig. 23. Graph of measurements for back-ground intensity correction. A medium pressure 
mercury lamp, with a single-prism monochromator, was used. 


11. Influence of background intensity 


In Section 9 it was shown that, if the central zone of the phase plate is properly 
Jimensioned, the non-coherent light falling inside this central zone does not effect the 
juantitative evaluation of the phase contrast intensity curve. However, non-coherent 
ight often extends very far from the main line, even if the distribution falls off 
steeply at the feet of the lines. The non-coherent part of the light falling outside the 
sentral zone gives a superposed picture with generally constant intensity, dimin- 
shing the contrast and acting as a back-ground level to the record. For a given 
srating, this intensity is for well-known reasons greatly dependent on the lamp 
surrent density. 

In some cases of gratings and lamps it is advisable, in order to get a precise know- 
edge of the amounts of phase variation, to correct for the back-ground thus present. 
[his can be done by means of a separate simple photoelectric procedure, including 
readjustment to get an ordinary image as described in the preceding Section, al- 
shough for another reason. The total light flux belonging to the phase contrast image is 
measured by the photocell itself, which is easily done by placing a diffusing screen 
oefore it; the result is denoted by T,,,,. In the same way, the total light flux belonging 
(0 the ordinary image is measured, and denoted by J. These measurements are made 
‘or different lamp intensities, to which J is proportional. When the ratios J,,,/I are 
plotted against J in a graph, the points lie on an increasing curve, as in Fig. 23. This 
proves that the lamp gives an amount of non-coherent light proportional with the 
square of the total flux (higher pressure), and that this light vanishes at the extra- 
polated value for J = 0. By means of the values of the graph Fig. 23, the back-ground 
value is subtracted from the phase contrast image records before they are ana- 
yzed. In the worst cases here examined, this correction has amounted to 19.5 
per cent. 


12. Improved analysis of the phase curve by means 
of a mechanical harmonic analyzer 


The aim of this method is to obtain a true g diagram of the grating surface, as 
this is usually the most interesting information both for the manufacturers and for 
the users. 
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However, as a continuation of the harmonic analysis of the phase curves reported 
in Section 6 of Part I, which was performed with a simple calculation scheme giving 
six periods, the writers have now made use of a mechanical analyzer, manufactured 
by the Math.-mech. Institut A. Ott (4). This apparatus, whose accuracy corresponds 
well to that of the records and recalculated phase curves, makes it possible to cal- 
culate about 25 harmonics of a selected fundamental. As will be shown in the 
section dealing with experiment, this analysis is also of value in revealing non- 
uniformities along the grating, as well as checking the quantitative calculations 
given in the preceding sections. 


13. Simplified test procedure 


As described so far, the method is quantitative, in that on the one hand the 
theory of the various physical factors has been taken into account fairly completely, 
while on the other hand the limiting accuracy of the method has been reached. 

Recommendations for routine use and for the construction of simple analyzing 
devices suitable for non-specialized laboratories have been given in another paper 
(2), which also took account of modern progress in grating ruling. A detail of this 
development which will be mentioned here is the replacement of the photoelectric 
device by a photograph taken through a gray wedge, which allows an intensity scale 
to be constructed by means of micro-densitometric measurements. This is a quanti- 
tative continuation of the original tests of the method (5). Some examples are given 
in Section 14. 


14, Experiment 


Modifications to the apparatus. The main optical and electrical arrangements 
described in Sections 2 and 3 have been maintained, being adjusted for larger focal 
lengths in some cases. The first polaroid was ordinarily placed in front of the en- 
trance slit S (part I figure 1) and the second behind the imaging lens; they were always 
set so that the light undulation plane was parallel to the central zone, in order to 
give qg its maximum value. 

The receiver unit which scans the image plane was rebuilt in order to secure a 
more uniform drive, utilizing slides instead of rollers. Tests have shown that the 
carriage always moves linearly with time, within an accuracy of less than one micron. 

It should also be pointed out that if a grating is to be masked off, precautions 
should be taken to make the mask so as to avoid as much as possible any scattered 
light, which may cause considerable trouble, not only in these measurements, but 
also in spectrophotometrical work. The edges of the mask require special care. W. 
have found it convenient to mask with a screen having its front side and the edges of 
the opening covered by dull-black velvet. 


Analysis of G 73, a concave grating of I metre radius. The main examinations 
were made with a phase mirror No. 3 (see part I page 427) having the following 
data: Central zone width projection (corresponding to 2 y) = 210 microns; y = 
= 102.6°, ¢=0.415. This zone width gives a negligible correction according to 
Section 9. The total width 2 I’ of the phase mirror, together with the finite widths 
of entrance and photomultiplier slits, limit the smallest domain of the grating 
which can be “resolved” with respect to phase variation, to about 50 microns. The 
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Harmonic analysis of grating G 73, spacing 17 360 A 
oe ee re re el 


Amplitude values counted in cm, frequency 
PopodaiNo corresponding to ghost number 
1 2, 3 
sin cos sin cos sin cos 
1— 6 —3.47 —0.39 | —0.30 -—0.68 | +0.48 +0.33 
7-12 —2.34 -—-1.07 | —0.66 —0.78 | +0.20 +0.66 
13 —18 —2.50 —0.72 | +0.13 —0.51 | —0.25 --—0.24 
19 — 24 =1.18 +0.20 | —0.08 +0.16 0 — 0.15 
25-30 —1.80 —0.21 | +0.20 -—-0.35 | —0.32 -—0.13 
3—36 —1.85 —-0.20 | +0.24 —0.58 0 0 
Scale in em 2.37 0.47 | = 0.08 
Phase angle 4,74° 0.94° 0.10° 
Error in position at . 
grating surface ae ae oe 


grating was masked to 48 mm, from the total width of 82 mm, the former being 
the zone within which the monochromator gave fairly uniform illumination. 

In studying this grating, use has been made of the procedure described in Sec- 
tion 10 to take amplitude variations into consideration; the maximum variation of 
A within the utilized area of the grating was +5 per cent. The phase curve given 
as Fig. 24 is thus true even in this respect. 

The detailed analysis of the wave-front curve compared to its Fourier intensity 
spectrum as measured with the photoelectric cell, may also be of interest.! This inten- 
sity spectrum is recorded with the same device, but at the focal plane. The mi- 
nute intensity distribution is rather sensitive to which plane is chosen, especially 
if, as in this case, the grating is not exactly uniform but has some extrafocal prop- 
erties, and so the position of greatest intensity for the main line was chosen. The 
ghost are as a whole faint, only the first and traces of the second being vis- 
ible. Some very minute but reproducible structure details are present but not 
analyzed. 

In the phase curve of Fig. 24 the period length was determined by the method of 
repeated intervals. 36 periods, covering 45 mms of the grating surface, were analyzed 
according to Section 12, 6 periods at each time. The results are listed in Table 2. 

The discontinuity of term No. 1 between the eighth and eighteenth periods is 
clearly seen, a large cos term nearly vanishing. Also the other terms show some 
small discontinuities. 

For a further study of this spectrum, see Section 15. 

The amplitude value of 230 A obtained by the Fourier’s analysis for the periodicity 
No. 1 corresponds to a ghost intensity of 0.17 %, compared to the observed value of 
0.22 %. In order to check the supposed cause of this discrepancy, various period 


1 In Part I, page 436:and Fig. 16, the ghost numbers of grating G 15 were numerated 
from the basic period used by the analysis, not conventionally, whence No, 2 is really the 


first Rowland ghost. 
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Fig. 25. Phase contrast photograph of grating Fig. 26. The corresponding photograph with 
G 73 through gray wedge for phase evaluation. phase mirror No. 4 used. Observe the super- 
Phase mirror No. 3. structure indicated by the dotted line for equal 

average intensity. 


Table 3 


Harmonic analysis of grating 90A1, spacing 16700 A. The table gives errors in posi- 
tion at grating surface (in A) 


Phase | Frequency corresponding to ghost number 
mirror 


No. 1 | 26a ars | 4 | 5 | 6 
3 90 | 15 | Baie 40 | 20 
5 91 11 {om er «eal 18 


lengths close to the value used before were used in analyzing five periods on this 
terms. The amplitude values thus obtained showed a rather extended maximum 
when plotted as a curve. The positions of the maxima correspond to period values 
of 26.78 mms, compared to the average value 26.53 for the whole grating. This 
proves that there is a real variation across the front. The ghosts, or the harmonic 
intensity spectrum lines, are due to super-positions. Thus, instead of the discrete 
frequencies, given by the Fourier sum, the continuous spectrum given by the 
Fourier integral should be used, which will give a larger intensity. As the calcula- 
tion of the integral is tedious even by meaus of the apparatus, it was not per- 
formed, as it would serve only to evaluate a correction, the origin of which is 
already known. When comparing the recorded intensities with those calculated 
from the analyzed phase curve, the interaction between phase-differing parts should 
be taken into account (6). The amplitude addition for building up the ghost in- 
tensity is treated in a coming paper by one of the writers. 

Two comparative photographs were also taken according to Section 13, with the 
phase mirror No. 3 and with a phase mirror No. 4, which has a 2 y corresponding to 
65 microns, the other data being y = 82.0° and g = 0.415. The two photographs are 
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reproduced as Figs. 25 and 26. On account of the narrower intersections in the last 
case, which are still however permitted without correction (Sect. 9), slower variations 
are revealed, giving rise to light near the main line, as expected. 


Analysis of 90A1, a plane replica test grating. This sample of a grating made by a 
replica technics is of special interest, as the periodic errors are low. The ruling spac- 
ing is 16700 A, and the area is 50 x 50 mm; the surface was partially damaged, so 
only 32 mm of the width was analyzed. Visually, ghosts Nos. 1, 3, 4, and 5 are 
visible, the first being estimated at less than 0.1 per cent; the three last were ex- 
tremely faint. The phase mirrors Nos. 3 and 5 (data: 2 y corr. to 110 microns, y = 
= 82,0°, g = 0.415) were used, and the phase curves are shown in Figs. 27 and 28. 
The amplitudes of the successive periodicities as found by mechanical harmonic 
analysis are given in Table 3. fe 

The agreement is obviously very good. The somewhat greater correction in the 


Fig. 29. Phase contrast photograph of the Rowland grating through gray wedge. The vertical 
mark indicates a phase difference of 25° (symmetrically about zero) for points with equal intensity. 
For more detailed such analysis, see Ref. (2). 


position of O’ according to Section 9 influences the ratios of the r vectors by amounts 
which are smaller than the uncertainty in r itself, and in that arising in the con- 
version from intensities to phases. 

A comparison of Figs. 27 and 28 shows a super-structure in the last scanning 
partly due to interferences and partly to real phase variations. 


Analysis of a concave Rowland grating, radius 21’. Among other gratings examined, 
a Rowland grating ruled on speculum metal in the year 1889 in the possession of 
the Physics Institute of the University of Stockholm showed several interesting 
characteristics. This grating has been analyzed for its resolving power by Prof. E. 
Hutrneén and Miss Unter of that Institute (7). 

In this case it was necessary to work with a line having fine structure not exceed- 
ing a small fraction of the periodicities and the structure of the Fourier spectrum 
due to phase variations, yet still having as high an intensity as possible; for practical 
reasons, we have chosen the sodium 5890 A line from a low-pressure spectral lamp 
and separated it from the adjacent 5896 A line and the rest of the spectrum by a mono- 
chromator consisting of a 1 metre concave grating, placed in front of the entrance 
slit. The grating itself was in the astigmatic Eagle-mounting for first order spectrum. 
A photoelectric record could not be taken, as the intensity with the rather small 
aperture was too low, but the necessary information was obtained by photographic 
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exposures through gray wedges placed in front of the plane of the phase contrast 
mage. Fig. 29 gives a reproduction of one of these photographs, with a mark for the 
phase function across the grating as found from the calibrated wedges and a knowl- 
adge of the O’ position. 

The phase mirror No. 3 was used here, its central zone width being suitably di- 
mensioned according to the dispersion. The outer limits + J’ cut off the ghost spec- 
trum from No. 4 upwards, which is however of no importance here. 

The observations shown in Fig. 29 are very interesting, as they reveal important 
abrupt changes in phase. They are maximally 25° or about 0.1 A, but the changes them- 
selves are limited to narrow regions. These changes in phase are, according to the 
liffraction treatment, not serious for the resolving power, which for this grating 
reaches about 80 per cent of the theoretical value given by the Rayleigh limit (7), 
but they influence the building up of the total intensity by the amplitude addition 
of the different, phase-differing zones. We touch here the important problem of 
“phasing-in” two similar gratings by means of phase contrast observations, which 
will be dealt with elsewhere. 


15. Sereening the diffraction image thereby realising 
a frequency band-stop filter 


In part I (page 436) the idea was put forward of modifying the diffraction image 
by blocking off one particular order, while still maintaining the phase shift between 
zero and all other orders. This has now been experimentally established. 


The phase contrast method can be said to function as a band-pass filter for the 
frequencies in the wave-front structure which correspond to the extensions between 
+y and + J’ of the phase plate; they are all converted to intensity variations and 
appear in the analysis of the scanned phase contrast image. By obstructing, sym- 
metrically, a part of the band-pass region, the corresponding frequencies vanish, 
and the structure due to them disappears from the intensity image. In this way, by 
nserting suitably dimensioned apertures and stops at the phase plate (which is 
very easily done in the linear case in question), it is possible to make band-pass or 
sharp cut-off filters. 

In examining the grating G 73 the ghost No. 1 was removed in this way. This 
was done by placing, as closely as possible to the phase mirror, two black sewing- 
threads covering the corresponding ghosts. The dull surface to a great extent 
prevented stray light, but it could not be helped that some obstruction also took 


Table 4 
Comparative analysis of grating G 73, with screening of the diffraction image. 
Cf. Table 2 
rt we tt ee aE ET it 
Frequency corresponding to ghost number 
Amplitude values : 

1 | 2 | 3 
without blocking 230 45 5 
with blocking 40 15 5 
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place for other regions, especially at the position of the 2nd order, as the threads are 
at a finite distance from the mirror. The opposite Table 4 shows the amplitudes as 
analyzed from scannings of the unobstructed and obstructed spectra. The screening 
has clearly been rather successful. A transparent phase plate instead of the phase 
mirror would of course be preferable for similar studies in other applications. 
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Communicated 11 March 1953 by Ertx Hurirain 


Microwave spectrum of fluorobenzene 


By Gunnar ERLANDSSON 


This spectrum has been investigated in the region 17.5—26.7 kMc/s. 20 lines 
have been identified as arising from the rotational transitions J =3—4, 4-5, 5-6 
and 6—7. Within the limits of error in the frequency measurements (+5Mc/s) 
these lines agree well with the formulas for the rigid asymmetric rotator. The 
rotational constants are 


A=0.18967 cm™’, B=0.08576 cm, C=0.05896 cm7}. 


Calculated and observed frequency values are given in Table 1. 
The rotational assignments of the observed lines have been confirmed by 
Stark-effect observations and observations on relative intensities in so far as 


Table 1 
Caleulated Observed Calculated Observed 
Transition frequency frequency Transition frequency frequency 
Mc/s Me/s Me/s Mc/s 
33.1—43.2 17 588 — 42.2-52.3 23 388 23 388 
33.0-43.1 17 676 —_— a — 23 642 
= — 17 724 — — 23 941 
= = 18 370 = —_ 23 973 
32.1-42.2 18 425 18 420 — — 24 185 
31.2-41.3 18 636 18 633 — — 24 895 
— = 18 806 — — 25 312 
41.4-51.5 19 217 19 217 — = 25 403 
= = 19 429 52.4-62.5 25 425 25 425 
40.4—-50.5 19 679 19 674 — — 25 589 
42.3—-52.4 21 388 21 388 — _- 25 '758 
= = 21 551 —_— _. 26 174 
— == 21 608 —_— _- 26 280 
— — 21 889 55,.1-65.2 26 377\ 
44.1-54.2 21 995 21991 55.0-65.1 26 378) ete 
44.0-54.1 22 006 22 001 53.3-63.4 26 442 26 441 
43.2-53.3 22 027 22 028 61.6-71.7 26 458 26 457 
= —_ 22 228 54.2-64.3 26 481 26 479 
43.1-53.2 22 322 PPX EWA) 54.1-64.2 26 529 26 526 
51.5-61.6 22 860 22 862 60.6—70.7 26 606 26 603 
41.3-51.4 22 938 22 939 51.4-61.5 26 958 = 
= = 22 943 53.2-63.3 27 163 — 
50.5—60.6 23 136 23 132 52.3-62.4 28 271 = 


ATT 


G. ERLANDSSON, Microwave spectrum of fluorobenzene 


such observations have hitherto been possible (except that the line 6;.6—71,7 is 


unexpectedly weak). 
Assuming the regular hexagonal structure of the benzene molecule to be 


undisturbed by the fluorine substitution and assuming the value 1.05+0.02 A 
for the C—H bond distance the C—C and C—F distances may be calculated 
from the above constants. The results are 


C—C = 1.3916 +0.0020 A; C—-F=1.348+0.005 A. 


Stockholm, March 11, 1953. 
University of Stockholm, Department of Physics. 


Tryckt den 20 april 1953 


Uppsala 1953, Almqvist & Wiksells Boktryckeri AB 
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Communicated 28 January 1953 by Axen E. Linpu and Gunndr Hiaa 


soncerning the possibility of using ground calcite crystals 


as X-ray gratings 


By G6sta BrocREN 


With 1 figure in the text 


In an earlier communication AminorFr (1) pointed out the possibility of using 
alcite in order to obtain crystal gratings with small spacings and large dispersion. 
urfaces having such qualities do not exist as natural ones in any crystals. For that 
eason, it is necessary to grind crystals so as to get faces parallel to suitable atomic 
lanes. Calcite offers especially good possibilities since the natural cleavage sur- 
aces can be used as reference surfaces in the grinding procedure. The cleavage sur- 
Aces possess very good optical qualities so that it is possible to make a very accurate 
djustment of the plane of grinding. As large natural calcite crystals are available 
ood ground crystals can be made. Calcite belongs to the rhombohedral system and 
; may be considered a perfect crystal. Its structure is well determined (2-3). 

If the influence from the absorption is neglected, Darwtn’s (4) theory of the re- 
ection of perfect crystals can be applied. The integrated reflection R, is then given 
y (5) 

8 Fd(1+ cos 20) 


fee . 8$Zsn20 


(1) 


where @ = the Bragg angle 
F =the crystal structure factor 
Z =the number of electrons in the unit cell 
d=l-yu 
wu = the index of refraction. 


In order to find the atomic planes that possess the highest reflection power, the 
rystal structure factor must be calculated. Commonly, F can be written 


Lia » fj e2nt (ha; thy; +125) (2) 
I 


here /; is the atomic scattering factor, h, k, and l are the Miller indices of the plane 
nd x;, y;, and z, the coordinates of the atom 7 in the unit cell. The summation must 
e extended over all atoms in the unit cell. In this case it is a rhombohedral one 
mntaining two molecules of CaCO, characterized by the constants a = 6361 X.U. 
nd « =46° 7’ (3). The coordinates of the atomic positions are (6) 
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2 Ca at + t 45 z =! r 
PO ye 0 0 0; 4 3 4 
60 at +20; 402;..022; £2455 Siti oe 


F can now be calculated by inserting these coordinates in (2) and performing th 
summation. After simplifying we get three different cases. 


1A+kh+1=2n+1. 


Then there are no contributions from the calcium and the carbon atoms and w 
have 


F=+2}, sin J (h— A) tin F (k—) +sin 5 —B)]- (3 
2 ht+k+l=4n+2. 
P= 2fea—2 fo 2fo [008 5 (hk) + 608 (kl) + e08 5 (I-A) (4 
3. A+k+1=4n. 
P= 2fex+2fo+2fo {008 5 (h—K) + 008 5 (k—1) + eos 5 (IM) (5 


If we have different atomic planes with about the same spacings the highest inte 
grated reflection is obtained when the structure factor F has its maximum value. 

The last case, h + k +1 =4n, will give the highest values of F. The very maximun 
value is obtained, when the three cosinus terms are equal to one, which occurs whet 
both h, k, and 1 are multiples of four when we obtain F =2 foa + 2fo+6fo. Thi 
case is only realized in the fourth order of reflection. In the first order the highes' 
values are attained, when the sum of the three cosinus terms is positive. This occurs 
when one of the three differences (h-k); (k-l); and (l-h) is a multiple of four anc 
the two others are odd. In that case we have 


F = 2 (fea + fo + fo). (6 


Hence, if we have several atomic planes with the same spacings, the reflectior 
power of the first order will have a maximum when 


BBE uso n=0,1,2... 
k—-l=4m m=0,1;2... 


Then h is an even number and k and | both odd. If k = 1, so that we have a plane 
(hk k), another advantage will be attained, The cleavage surface of calcite is paralle 
to plane (211), which fullfils the above conditions. A plane (hk k) will cut the surface 
of the cleavage rhombohedron parallel to an edge line, which reduces the difficulties 
of orientating the crystal on the grinding apparatus. 

Table 1 gives the calculated values of the spacings and the structure factors of a 
number of planes that seem to be useable in X-ray spectroscopy. They are chooser 
rather arbitrarily. The following notations are used. The rhombohedral indices are 
referred to the true unit cell, so that the cleavage face is (211). The corresponding 
hexagonal Bravais’ indices are referred to the hexagonal cell, deduced from the 


480 


ARKIV FOR FYSIK. Bd 6 nr 46 


Table 1 


The spacings and structure factors of some atomic planes in calcite. 


| SSS ee 


Indices Structure factor of the order No. 
Spacing 
Rhombo- Hex. ee 
hedral Bravais : 2 : : 
10 0 OT a 4190 0 30.3 0 34.6 
are 1 Ox 34 3 029 51.2 18.0 25.0 26.4 
101 USL bia 2 490 23.0 11.6 14.3 24.0 
303 2, (5 ee ee) 1 900 39.0 14.8 18.0 19.4 
GAC) 21 3 4 1 520 18.8 13.6 9.6 14.2 
11 8 5 ile 208 1488 18.8 13.5 9.6 13.8 
ley T 10 I 0 1 435 31.4 13.0 14.2 12.4 
43 1 i Ae TS 1 280 16.8 12.2 9.3 10.0 
5 4 3 al Bay 1 220 16.6 12.0 9.0 10.0 
Sy a ual 13 44 1 150 26.2 11.4 10.8 
faye eI 31 4 8 1040 23.8 10.1 8.8 
6 5 5 IO Ae 1 032 23.8 10.1 8.7 
i afay 3 O14 1000 23.8 9.5 8.6 
Ze 325 4 962 14.8 9.0 
Dale 3 a BW) 941 23.5 8.8 
33.3 05 5 4 884 21.6 8.3 
Tae 01 120 821 21.4 8.1 
Caelerd. 50 5 8 798 21.0 7.6 
a6 3 13 416 790 21.0 7.5 
The Bees Av ieeoul2, 781 21.0 7.4 
5 0 I 51 6 4 761 13.6 
7 4-1 ib Be wm 716 12.6 
ij ih 43 7 4 699 19.2 
9 6 5 31 420 684 19.0 | 
eT co 05 516 666 18.6 
TOs a a Gels 3 627 18.3 
GEL r Owe tan: 607 18.0 
10 9 9 O28 592 17.4 
iy 6) ep pg 591 17.3 
17 6 41 524 560 16.6 
9 41 53 814 552 16.5 
6) 1) 3 54 9 4 547 16.3 | 
10 3 3 70 716 533 15.9 
OBIT ales 2 528 15.9 
11 11 10 01 132 520 15.6 
We Ab 815 4 501 15.0 
9 9 2 07 720 496 14.9 
Abe eee 05 528 491 14.6 
10: 5-1 54 916 487 14.5 
ih eel. 03 3 4 453 13.5 
13 6 5 71 824 442 13.4 
egh 8311 8 397 11.9 
151411 13 440 396 11.9 
1710 5 Gh is) 13 BY) 324 8.4 
23 15 10 851348 256 5 
10 717 18 9 0 168 3 
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true rhombohedral cell. The clevage face is here (1 0 1 4). In the cases where the struc- 
ture factors are given they are calculated from (3-6). The values of the atomic 
scattering factors fca, fo, and fo are taken from JAMES and BRINDLEY (8). As a rule, 
the planes given in Table 1 are not to be found as natural surfaces. If we want a 
crystal plate with the surface parallel to a certain atomic plane, it is necessary first 
to grind a surface parallel to the desired plane on a great crystal, after which a plate 
is sawn out. The sawn surface must then be ground and polished very carefully, so 
that a surface having good optical qualities is obtained. However, calcite is a very 
brittle crystal and it is possible that this procedure will influence the structure of 
the crystal. Hence, it is necessary to investigate the qualities of the plates which are 
prepared in the above way. 

A series of crystal plates was prepared with the dimensions 15 = 25 x 0.4 mm and 
with the surface 15 x 25 parallel to the planes suggested by Aminoff. Five different 
atomic planes were used, wiz (211) (=the cleavage surface which was ground and 
polished in this case), (310), (655), (741), and (1033). In order to obtain accurate 
values of the axes lengths, the spacings of planes (655) and (1033) were determined 
by double exposures by means of a ‘‘tube spectrometer” in the usual manner. The 
X-ray tube was furnished with a molybdenum target and the K«,-line was used. 
The instrument and the method are earlier described in detail (9). The results are 
given in Tables 2 and 3. The following designations are used: 


t =the temperature in °C; 
2% =the angle obtained from reading the angular scale; 
a =the distance between the K«,-lines of the double exposure; 
2A =the angle computed from a and the tube length; 
Yi=Po + Ay =the glancing angle at ¢ °C; 
V1 =the temperature correction of the glancing angle; 


Vis —~ 9; + Ay,=the glancing angle at 18° C. 


The temperature correction is calculated in the usual way (10)!. In doing so we 
used the following values of the linear expansion coefficient parallel to the axis ca 
and of that perpendicular to the axis «,: 


a; = (25.135 + 0.0236 t)- 10-8, 
a, = (— 5.578 + 0.00276 t)- 10-8 (11). 


The spacings are calculated by using the value of the wavelength of Mo Ka, 
determined by Larsson (9), A = 707.831 X.U. The real interatomic distances were 
obtained from the modified Bragg equation 

4d? 8\ 
n-amaa (1-29 2) SIN Mn (7) 


where 


0) 
2 3.687-10°°. (10) 


The error in the mean values of the glancing angles is about 0.5” which gives a 
maximum error in the spacing of 0.007 X.U. as to dgs5, and 0.004 X.U. as to d 


1 See ref. 10 p. 45. 


1033° 
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Table 2 
Calcite 655. 


Plate a 
No. 2 Po mm 249 Yt t °C A YP, Pig 
351 40° 0 3.7” SP ORO NG:||, BEERS 3) BNE OF ieikY 19.7 3.0” PAN? BIE Lane 
352 8 4.6 —0.9101] 4’ 3.5” 0.67 19.9 3.4” 4.0” 
353 7’ 52.6” | —0.8600| 3’ 50.0” 1:34 19.3 2.3” 3.6” 
354 0’ 4.0” + 0.8898] 3% 58.07 TOs 20.0 3.6” 4.6” 
355, 8" 31.3 —1.0087| 4’ 29.9” Oa 19.9 3.4” hi 
356 0" 5.4” | +0.9052| 4’ 2.4” 3.9” 18.3 0.57 4.4” 
357 . 52.7” | —0.8581| 3’ 49.6” 1.6” 19.2 Doe 3.8” 
358 39° 59’ 55.9” | +0.9389] 4’ 11.1” BW 18.6 2 4.6” 
359 40° 7° 57.0” | —0.8750| 3’ 54.17 1.5" 19.2 py OY ByaES 
Mean value | 20° 2’ 4.1” 


Tube length 771.01 mm 


dy = 1 033.072 X.U. 
deg — dy = 0.016 X.U. 
hes = 1 033.088 X.U. 
Table 3 
Calcite 10 3 3. 
Plate a 
No. 2 Po ae 2Ap %% t°C | Ag, P18 
a EE ee aE Es Le Shae ee ee ae 
400 83° 5° 43.4” | +1.1028| 4° 55.0” | 41° 35’19.2”| 22.7 2.07 Ale Sha ee 
401 15 10:57-| — 1.0254) 4° 34.47 Fis le Bers} 1.6” 19.4” 
402 Toa ot Ooall) 3 Skene 17.9” | 21.6 60 19.5” 
403 23017 Wer OCI243") 3° 13.7% 18.4”| 21.9 hee“ OX 
404 12’ 51.4” | —0.5005) 2’ 13.9” LS Seale le?) ye 20127 
405 7’ 36.2” | +0.6850'| 3° 3.27 LOW ee 2 1.8” 21.5” 
406 138’ 6.4% | —0.5601| 2’ 29.9” 18:3 a)e2le3 1.4” LO Vie 
Mean value | 41° 35’ 20.2” 


Tube length 771.01 mm 


dy = 633,181 X.U. 
deo —d,= 0.003 X.U. 
ds = 533.174'X.U. 


The lengths of the axes of the primitive hexagonal cell were obtained from the 
above spacings and the spacing of plane (211). We got 


a= 4980.02 + 0.03 X.U. 
e = 17025.12 + 0.10 X.U. 


The investigations of the qualities of the crystal lattices were made by registering 
the rocking curves and by determining the percent reflection and the double crystal 
coefficient of reflection. The apparatus and procedure are described earlier (12, 13). 
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Calcite has been investigated by ALLISON (14) and Parrart (15, 27). They showed 
that natural calcite surfaces may be obtained by cleavage, which give results in the 
double spectrometer, very close to perfect crystal calculations, if the incident wave- 
length is not too short. Later MANNING (16) succeeded in improving less good cleav- 
age surfaces by a cautious polishing, followed by a slight etching with 0.7 normal 
hydrochlorid acid, so that he also obtained results in good agreement with ALLISON 
and PaRRATT. 

These results show that the above qualities should be calculated by assuming that 
calcite is a perfect crystal. If unpolarized radiation is incident upon a perfect single 
crystal, whose absorption is not negligible, the diffraction pattern is given by (5, 13). 


(A+ iB); ‘ 
F(l)=4 
(1) HF B+ V(i-«8) (44) 
cha. ( v5 F 
ere | : 
(4+2B)— cos 20, 
é6 
Boe B B\? (A+7B\? 8) 
z Bay ~ : fa 
l ve ( 7 ( 3 cos” 2 By 
where 
A+iB= > > (3; +71 Bi), (9) 
J j 
F, =the structure factor of atom 7 in the unit cell, 
Z, —the number of electrons, belonging to atom q, 
6 =the amount with which the index of refraction deviates from unity, 
6; =the amount of 6 that comes from atom j 
p= aD where y, = the linear absorption coefficient, 
B; =the amount of f originating from atom 9, 
0) = the glancing angle, 
sin 29 
l= 35 °(9 —9,) -1. (10) 
Hq. (8) can also be written 
F(l)=4Fo(l) +4 F,()) (11) 


since the first term gives the diffraction pattern of the component of the incident. 
radiation, which is polarized so that its electric vector lies perpendicular to the 
plane of incidence (o-polarized radiation), and the second that of the a-polarized 
radiation, where the electric vector lies in the plane of incidence. 

The rocking curve, the percent reflection P and the double crystal coefficient of 


reflection R can now be calculated in the usual way. 
' The rocking curve is given by the function 


+00 + 00 
G(KM=¥f Fold) Folk) A144 [ Pq (ly+ Pq (tka (12) 
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On calculating the different constants in eq. (8), we assumed that the chemical 
binding was pure covalent, so that the scattering factors of the atoms were used. 
This is not strictly true since the binding is partly of ionic type. The error introduced 
is, however, very slight and can here be neglected. The values of the scattering fac- 
tors were taken from JAMES and BRINDLEY. These values are calculated for zero °K. 
The effect of the thermal vibrations is to decrease the values of the scattering fac- 
tors. This influence has been studied theoretically in the case of a simple cubic 
lattice containing only one kind of atoms. Due to Desye and to Water (17-21) 
the scattering factor correction is 


? 


fr=fy:e; (15) 
where 
_ 6h (D(z) 1) sin? d 
md et - +i ag us) 


h being Pianck’s constant, m the mass of the atom, # BorrzMann’s constant, Oy 


the characteristic temperature, a= ou and @(x) a function which was evaluated 
numerically be DEeBye (17). In the isotropic crystals, M is a function of (sin #/A) 
only. For crystals with lower symmetry, this will in general not be true, since in 
anisotropic crystals the elastic constants are different in different directions. Very 
little progress has been made towards the theoretical calculations of M for such 
crystals. ZENER (24) has attempted to calculate M numerically as to zinc and cad- 
mium, which are both hexagonal, but the results he obtained do not agree with 
the measurements of BRrnDLEY (25, 26) in the case of zinc. A relation, similar to 
(16), must be valid also in the case of calcite. In order to estimate the influence 
from the thermal vibration in our case we adapted the method suggested by PARRATT 
(27). We used eq. (16), inserting for m the mean mass of the atoms in CaCO, 3.30- 10-73 g 
and for Oy Parrart’s value 360 °K. Calculations were carried out both with 
corrected and uncorrected values of the atomic scattering factors in order to find 
the importance of the correction. 

All constant that are necessary for the calculations are given in Table 4. A and 


For P and R, we have 


frwatf Raa 
PSs == (13) 
F,()dl+ { Fa (ddl 
+00 a +00 
_ [f Peat] +[f #2 a7] 
hie apy ete ee ia 
“ated Fa (t)dt+ { Pq (I) al 


The form of eq. (8) is such that the calculations are very tedious and difficult, All 


integrations must be carried out graphically. 
1 A table will be found in International Crystal Tables, 22, Table IV, p. 574, Vol. 2. 
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Table 4 
The constants used in evaluating equation (8). 
Atomic Glancing A108 B-10° A; 108 B,- 10° 
plane angle 
211 6° 43’ 0.935 0.00978 0.902 0.00942 
422 13° 30° 0.344 0.00658 0.298 0.00570 
633 20° 34’ 0.442 0.00514 0.320 0.00372 
844 28° 0° 0.500 0.00450 0.282 0.00254 
310 Bs Delt 0.344 0.00658 0.298 0.00571 
620 27° 43” 0.250 0.00430 0.141 0.00242 
655 2072: 0.450 0.00552 0.329 0.00382 
1033 41° 34’ 0.294 0.00340 0.092 0.00106 


As all measurements were made with the same radiation, the values of 47, and 5 were the 
same for all planes. /; was taken from experimental data, 6 and f were calculated in the 
way indicated earlier(13). The following values were used: /; = 23.4, dca = 3.68-10 4 
6o= 1.11107", d9=1.47°1077, 5=1.82-10°*, Boa=6.16- 107°, Bo =6.2:101, Bo= 
=1.24-°10 *, B=1.32- 10°. 

Table 5 


Calculated and observed values of the full width of the rocking curve, of the percent 
reflection and of the double crystal coefficient of reflection. w, R and P are calculated 
from A and B, w,, R, and P, from A, and B,. 
reesei eran oes seen 


Width of the rocking curve | Coefficient of reflection Peroant_retledtiae 
in sec. of arc in radians 
Plane 
Ww Wy, Wexp R- 10° Ry ‘ 10° Rexp* 10° P a 10? Py s 10? Pexp’ 10? 
EE EE EEE SEE eee 
211] 46 4.5 5.2 2.03 1.96 | 2.31 77 75 68 
422 0.8 0.7 2 0.35 0.29 0.39 73 70 47 
633 0.7 0.5 1.1 0.30 0.21 0.33 71 69 45 
844 0.6 0.3 0.7 0.25 0.14 0.16 70 64 32 
310 0.9 0.7 1.5 0.36 0.30 0.47 73 69 45 
620 0.3 0.2 0.9 0.12 0.07 0.19 65 55 26 
655 0.7 0.6 1.0 0.30 0.22 0.33 71 67 47 
1033 0.3 0.1 0.8 0.13 0.03 0.07 65 47 10 


B refer to the uncorrected values of the scattering factors; A, and B, to the corrected 
ones. 

All investigations were carried out with molybdenum K «-radiation. When pos- 
sible, measurements were made in higher orders too, in which cases the overlap- 
ping from lower orders was depressed with suitable absorption foils. The voltage of 
the X-ray tube was always kept below the double threshold voltage so that no over- 
lapping could occur when the first order reflections were investigated. 

As is mentioned previously, all the crystal plates used were ground and polished. 
After the plates were adjusted parallel to the axes of revolution, the percent reflec- 
tion P, the double coefficient of reflection R and the width w of the rocking curve 
were always determined in the first order. Then the crystal plates were etched with 
0.7 normal hydrochloric acid until constant values of P, R, and w were obtained. 
It proved that in all cases an etching time of 5 seconds was sufficient. 
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Table 6 


The influence from etching. 
(sagged oe lil alle ll ca la 


Values, obtained before etching Values obtained after etching 
Plane 1 
w sec. 12S AK R-10° rad. w sec. IE Ne R-10° rad. 
ah Wa | 16.2 31 3. 5.2 68 2.31 
310 5.6 25 132 1.5 45 0.47 
655 2.5 26 0.37 1.0 47 0.32 
1033 4.0 6 0.15 0.8 10 0.07 
Table 7 


A comparison between Parratt’s results, obtained with natural cleavage surfaces, 
and those obtained in the present investigation. (Index P is applied to Parratt’s 
results, index B to the writer’s.) 


Plane Wp sec. Wp sec. Pp: 10? Pp: 10° Rp: 10° rad. | Rp: 10° rad. 
yl 5.2 5.2 66 68 2.40 aril 
422 Lol [2 49 47 0.37 0.39 
633 Te lait 49 45 0.34 0.33 
844 ‘Onn 0.7 40 | a 0.20 0.16 


The results of the measurements are given in Table 5. The agreement between the 
calculated values of the double crystal coefficient of reflection R and those experi- 
mentally determined is very good. The values R, calculated by means of the 
atomic scattering factors corrected for the thermal vibrations, are always less than 
those experimentally obtained. In two cases, the fourth order of the clevage plane = 
plane (844), and plane (1033), the experimental determinations are less than the 
R-values calculated from the uncorrected atomic scattering factors. These two 
planes have the smallest spacings and thus the largest values of (sin #/A), so that 
due to eq. (33) and (34), the temperature correction is greatest there. As the R- and 
R,-values are calculated under the assumption that calcite is a perfect crystal, and as 
an eventual ‘feature’ of mosaic structure must increase these values, the measure- 
ments on planes (844) and (1033) verify that some kind of correction for the thermal 
vibrations should be applied. It is, however, not possible to draw any conclusions 
about the size of the correction. 

The experimental values of the full width of the rocking curve at half maximum 
intensity are always greater than those calculated, but the experimental values 
of the percent reflection are less. The calculated values of the width w go down to 
very small values (only a few tenths of a second of are), and those determined are in 
some cases less than one second of arc. Studying the cases of the minimum values, 
planes (844), (620), and (1033), we find, that the experimental values of the percent 
reflection are usually small and that the differences between the calculated values 
and the experimental ones are greater than usual. The reason for this seems to be that 
the crystals are not perfect in the sense of being single complete specimens, but are 
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We oi 


Hig Le 


built up of small blocks which are roughly, but not exactly, oriented in the direction 
of the crystal axes. This would cause the reflection to spread itself over a greater 
angular width than that calculated for a perfect crystal. Hence, the width of the 
rocking curve would increase, and the percent reflection decrease. The coefficient of 
reflection would increase but it would not be influenced as much as the width of 
the rocking curve. As the influence from a disorientation partly compensates the 
influence from the thermal vibrations it is impossible to obtain information about 
the size of the correction term. 

Table 6 shows the influence from the etching. In the grinding and polishing, the 
regular crystal structure is disrupted and a thin surface layer of powdered crystal 
fragments is produced. This layer will increase the coefficient of reflection and the 
width of the rocking curve. As appears from the table, the elimination of the sur- 
face layer causes a decrease of the coefficient of reflection and of the width, and an 
increase of the percent reflection and of the physical resolving power. 

The quantities R, P, and w have previously been determined by Parrarr with 
natural calcite surfaces (27). He used the clevage plane (211) and made investigations 
with Mo Ka, in the first five orders. A comparison with his results shows (see Table 7) 
that the agreement is very good. This indicates that the sawing and polishing in- 
fluence only a very thin surface layer. When this is removed (by etching with 
hydrochloric acid) a crystal grating is obtained, the qualities of which are in good 
agreement with what is predicted by the theory of perfect crystals. 

The calcite plates were cut out paralleltothe atomic planes, suggested by AMINOFF (1). 
As appears from Table 1, his choice was not the best. Plane (310) could have been 


488 


ARKIV FOR FYSIK. Bd 6 nr 46 


exchanged for (211), and (741) for (651) or (512), in which cases the coefficient of 
reflection would have increased more than fifty per cent. 

The investigation, however, confirms the earlier observations that calcite is nearly 
a perfect crystal. Its structure is such that there are a large number atomic planes 
with different spacings, but with a good reflection power, which can be used as 
X-ray gratings. The deformations produced when a crystal plate is cut out parallel 
to a certain atomic plane, are located in the very surface layer and can be eliminated 
by cautious etching with diluted hydrochloric acid. 

The purpose of the investigation was to point out the possibility of obtaining 
erystal gratings with small spacings and great reflection power suitable for X-ray 
spectroscopy. This makes it possible to increase the accuracy of precision measure- 
ments of wave-lengths etc. as the resolving power increases when the spacing de- 
ereases. As to precision determination of wavelengths, calcite is of very great interest 
from another point of view. The symmetry of calcite results in the fact that we have 
always three planes with the same qualities (for instance (211), (121), and (112)). 
As appears from Fig. 1, it is sometimes possible to make a very accurate determina- 
tion of the wave-length of an emission line without using a circular scale. NV, and N, 
are two equivalent planes, which intersect each other under angle y. The spacing 
of the planes is such as to make the glancing angle of a certain wave-length nearly 


equal to 90° as If a thin slit and a photographic plate are mounted as Fig. 1 


shows, and if two exposures are made with the X-ray beams I and II respectively, 
two lines are obtained on the plate. From distance a between the lines on the plate 
and from distance 6 between slit and plate, angle Ag can be determined. yw is ob- 
tained direct from the structure of the crystal and from the lattice parameters with 
very high accuracy. Hence 


migetee. 

ene Sah: 
180 -29=y—-2Aq; 
A=2d sin 9. 


The method was pointed out by Kossert (23), but it has not been used for pre- 
cision measurements. As calcite has a lot of suitable atomic planes with high reflection 
power, but with various spacings, the above method seems to be very applicable there. 
By using intersections between not identical planes with different spacings the pos- 
sibilities of wave-length determinations are increased. The elimination of the an- 
sular scale is such a great advantage as to well compensate the elaborate calcula- 
tions of various y. Our intention is to utilize this method in order to make some 
redeterminations of wave-lengths. We also intend to use some atomic planes with 
small spacings in a tube spectrometer for determining some X-ray lines with short 
wave-lengths. 


This investigation has received financial support from the Swedish Natural Sci- 
ence Research Council, which is gratefully acknowledged. My thanks are also due to 
Mr Ovep AprEtt, F.M., for assisting me in the recordings with the double crystal 
spectrometer. 
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Communicated 3 December 1952 by E. Hurruin 


Preliminary analysis of the microwave spectrum of 


formic acid 


By GuNNAR ERLANDSSON 


With 3 figures in the text 


The microwave spectrum of monomeric formic acid has been investigated pre- 
viously by Pierenpot, Rogers and Witiiams (1) and further by Rocrrs and 
WixuiaMs (2), who have also calculated the rotational constants of the molecule. 
A reinvestigation of this spectrum in the region 16,5-26.5 kMc/s has been under- 
taken here, resulting in an extended list of absorption frequencies. Three lines have 
been identified by means of their Stark-effect components. Of these lines only one, 
viz. the transition 0o-lo.1 is in agreement with the constants given in (2). New 
values of the rotational constants have been calculated assuming the molecule 
to be a rigid rotator. The calculations show, however, that this approximation is 
not applicable to the higher J-values. A more detailed treatment of the centrifugal 
distortion appears to be much too laborious if it should be based on the present 
measurements and is therefore postponed untill some more transitions involving 
low J-values have been identified in other regions of the spectrum. 


Experimental technique 


A stark-effect modulation spectrometer has been used. The absorption cell consists 
xf a 3 cm wave guide provided with a central steel band electrode. A 100 kc/s square 
wave nodulation voltage having a maximum amplitude of about 500 volts has been 
smployed. The square wave is normally zero-based, but for complete resolution of 
Stark-effect components a d.c. voltage of up to 3000 volts has been superimposed, 
yiving a maximum field intensity of 5000 volts/cm. 

The receiver consists of an amplifier tuned to 100 ke/s followed by a phase sensitive 
letector. The absorption lines may be alternatively presented on an oscilloscope 
ereen or displayed by a Brown-recorder. In the latter case a slow motor drive is 
ipplied to the klystron tuning shaft. 

‘Frequencies have been measured by means of a cavity wave-meter supposed 
(0 be accurate to + 5 Mc/s. 


Experimental results 


The absorption frequencies are presented in Table I together with the correspond- 
ng values from (2) and (3). The table also gives the number of Stark-effect com- 
yonents for the resolved lines. The appearance of the Stark-effect patterns of the 
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Fig. 1. Stark-effect components of the line at 
24569 Mc/s. D.c. voltage 3000 volts. Frequency 
increasing from left to right. 


Fig. 2. Stark-effect components of the line at 20298 
Me/s. D.c. voltage 3000 volts. Frequency increasing 
from left to right. 


Table I 
nesses 924 
Frequency Frequency Number of 
value found | according to (2) | Stark com- Assignment Intensity 
here Mc/s and (3) ponents 
a ee ee ree Ce eee ee Pee eee Ne 
16 989 — — a S 
17 282 — — — 8 
20 294 20 297.9 (3) 8 82.7— 82.6 8 
22 326 22 326.42(2) — — M ; 
22 470 22 471.14(2) 1 00.0—lo.1 8 ' 
23 206 23 203.41(2) — — Ss | 
24 565 24 568.99(2) 4 41.4—41.3 ) 
24 595 — — — WwW 
25 218 =— — = S 
26 342 — — -- M 
-— 27 817.12(2) — = 5 
| — 31200 (2) = — —- 


lines at 24 569 Mc/s and 20298 Mc/s as displayed by the Brown-recorder is shown 
in Figs. 1 and 2. In both cases the spacing of the components is closest near the 
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Fig. 3. Tentative model of formic acid molecule. 


main line where also the intensity is smaller. From the formulas of GoLDEN and 
Witson (4) it is concluded that both of these lines have AJ =0. The number of 
components then give J =4 and J =8 respectively. 


Considerations regarding molecular structure 


The structure formula of monomeric formic acid is generally written H— re 
O—H 


If the molecule is supposed to be plane, and the interatomic distances and bond 
angles are given values ordinarily found for similar bonds in other molecules, the 
molecular structure will be such as shown in Fig. 3. For this model the rotational 


constants (A = etc.) are found to be 4 =2.17 cm-1, B=0.394 cm-}, and 


2¢ I A 
CO = 0.332 cm-}. The direction of the b-axis (axis of intermediate moment of inertia) 
is found to be nearly parallel to the H-C bond. 

The assumed molecular model may have components of the permanent electric 
dipole moment along the a- and b-axis but no component along the c-axis. According 
to Cross, Hainer and Kine (5) the allowed rotational transitions (in terms of the 
K_,, K, notation) will then be those where only the index K, changes parity (a- 
transitions) or where both indexes change parity (b-transitions). Using the methods 
and energy level tables given by Kine, Hainer and Cross (6) the model is found 
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to give a rotational spectrum similar to the one found experimentally. E.g. the 
transition 09.9 — lo. =B+C is found to give a line at 21.8 kMc/s. The model may 
therefore be supposed to give an approximate picture of the molecule. 


Discussion of spectrum interpretation 


Starting from the above model it is natural to interpret the line at 22471 Mc/s 
as arising from the transition 0o.o-lo.1, which gives a value of B+ C = 0.74959 cm-1 
in agreement with the results of Rogers and WiLtiams (2). From the tables of (6) 
it is found that the only interpretation of the J =4 line at 24569 Mc/s will be 
41.4-41.3. The J =8 line at 20297 Mc/s must then be 82.;—-82.5. 

The frequency of a Q-branch transition is given by $(A — C) (£,” — E,’), where E,” 
and EH,’ are functions only of the asymmetry parameter x = Se ee The frequency 
ratio between two such lines is thus determined by x alone. By means of successive 
approximations employing the continued fraction method of (6) the value of x 
corresponding to the above assignements of the J = 4 and J =8 lines has been cal- 
culated to x = 0.88704. The rotational constants are now easily calculated and the 
following values are obtained: A = 1.78612 em-!, B = 0.41581 em~-! and C = 0.33378 
em-1, 

The above result is not quite satisfactory. E.g. the next @-branch line to be 
expected within the investigated frequency region is found to be 133.1;—-133.19 = 
= 20112 Mc/s. The intensity of this line should be of the same order of magnitude 
as that of the others. No line is found, however, nearer than 3000 Mc/s away 
from this frequency. 

It might be suspected that the assignments made are erroneous. A thorough 
investigation of other possibilities of interpretation has, however, given no better 
result. Is has therefore been concluded that the rigid rotor approximation is not 
applicable to the higher rotational levels. If the relation 74 + Js =Ic is supposed 
to be valid, new values of the rotational constants may be calculated from the 
Oo.o-lia and 4;,4-4;.3 transitions. The result is 


A = 1.6919 cm-? B=0.41581 em-! C =0.33378 em-1. 


The values of B and C are to five figures the same as obtained above, whereas a 
smaller value of A is obtained. 

Returning to the molecular model of Fig. 3 it may be found that a change in the 
O=C-—O angle by 1° alters the value of A sufficiently to explain the above discrep- 
ancies. The result may thus be considered reasonable. A more detailed treatment 
of centrifugal distortion would require calculation of five or six distortion constants. 
For this purpose an unambiguous identification of some more lines is necessary. 
Kspecially some transitions involving low J-values should be measured. 


Conclusion 


A satisfactory interpretation of the microwave spectrum of formic acid based 
on the rigid rotor approximation seems to be impossible. The spectrum is, however, 
compatible with the idea of a non rigid, planar molecular structure of the type 
shown in Fig. 3. From the observed low-J-transitions the rotational constants B 
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and C may be calculated to five significant figures. An approximate value of A may 
then be obtained from the relation I, +I, =Ic. The results seem to indicate that 
the O=C—O angle should be smaller than 120° probably near 115°. 


Table II 
Rotational | Rogers and | Bauer and Present 
constants | Williams (2) | Badger (3) results 
PAM Mus sretsdtet 2.7855 2.59 1.69 | 
IB scars art ate eas 0.399901 0.396 0.41581 
Reapers: AINE 0.349696 _ 0.329 0.33378 | 


The values of the rotational constants found by different investigators are for 
comparison collected in Table II. It is found that the agreement is not very good. 
Especially the present value of A is considerably lower than the A-value found by 
BaveEr and Bapcer from infrared observations. It should be noted, however, that 
the infrared measurements involve a large number of rotational lines, whereas the 
microwave data refer to low-J-transitions only. It may be considered significant 
that the present results show an increase of A with increasing J. The B- and C-values 
according to BauER and BapceEr give for the transition 0o.-lo1 the frequency 
21800 Mc/s instead of 22471 Mc/s. The constants given by Rogers and WILLIAMS 
are not compatible with the observed transition 4;,4—41\3. 

To obtain more complete information about the molecule, it is desirable to extend 
the investigation to other frequency regions. Especially the region 40-50 kMc/s 
may be expected to give valuable information. The calculation of bond distances 
and angles will require the investigation of some isotopic molecules. 
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Communicated 10 September 1952 by G. Borentus and O. Kiein 


The influence of a cadmium sheet on the distribution 
of neutrons in graphite 


By Nits GOrAN SJOSTRAND 


With 7 figures in the text 


Introduction 


The “cadmium difference method” is sometimes used in neutron physics to 
liminate the effect of fast neutrons. Measurements are made both without and 
ith a cadmium sheet between the neutron source and the detector. The dif- 
erence between the two sets of measurements then corresponds to those neu- 
rons which are absorbed by the cadmium, i.e. to those having energies less 
han about 0.3 eV. 

This method has recently been used at this laboratory for a determination 
{ the diffusion length of thermal neutrons in graphite [1], and it became of 
nterest to study in some detail the influence of a flat cadmium plate on the 
eutron distribution in a rectangular graphite block. In the present paper a 
heoretical treatment of the problem is given, and experiments which were 
1ade to check the theoretical results are described. Good agreement was found 
etween experiment and theory. 


Theory 
reneral 
Fig. 1 is a schematic sketch of the system which will be considered: it con- 
situtes a three-medium problem in a rectangular three-dimensional geometry. 
In elementary diffusion theory the neutron density (n), for the stationary 
tate and in a region containing no sources, is given by the equation 


here L is the diffusion length. This equation is however not valid near sources 
r boundaries, or in regions of strong absorption, and it is therefore not suitable 
yr the present investigation, which is concerned with a system including a 
rongly absorbing cadmium sheet. 

Instead of the elementary equation we must use the Boltzmann diffusion 
yuation, and attempt to solve it. The method which seems most suitable for 
ur problem is the “spherical harmonic method” [2, 3, 4], which can in prin- 
ple be used with any geometry. 
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GRAPHITE 4, 
I 
G 
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0 A 
es 
C107 


Fig. 1. The system treated theoretically. It consists of three square slabs of graphite, cadmiun 
and graphite. 


The Boltzmann equation 


Assuming that the neutrons all have the same constant speed, and that al 
collisions are elastic and do not result in energy changes, the Boltzmann equa 
tion is 


ont ON -~V& grad N (r,G,t)—N(r,G,t)-Vot+ 
+ Vos { N (7, Qt): F(Q:2)dQ'+8(r,0,t 
where 


N (r, Q, t)drdQ2=the number of neutrons in the volume element dr = dadydz 


and having velocity vectors lying in the solid angle dQ about Q. 
V=the speed of the neutrons. 
o=the total cross section per unit volume. 
o;=the scattering cross section per unit volume. 


S (r, Q, t)drdQ=the number of neutrons produced per unit time in the volume 
element dr and with their velocity vectors lying in the solid angle dQ. 


F(Q: Q’ ) =the relative probability of scattering through an angle having 
cosine ftg= 2-2’ where Q’ is a unit vector in the direction before collision 
and {2 a unit vector in the direction after collision. The function F is normal- 
ized as follows: 


[ F(G-2)dQ=f F(G-Byda'=1 


Developing the required function N in spherical harmonics, we get 


TA inate 1 = (naan) by = 
N (r, Q,t) ‘2, io [4ePa(y +25 Oomel (An cos m® + BY sin m@®) 7” va} 
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where 
#=cos 0, where 6 is the angle between the velocity vector and the 2-aXIs, 
t)= { N(r,Q,t) Pr (ud Q 
A” (r,t) ean t) T (u) cos mO@AQ 
Br (r,t)= [ N (r,.Q,t) 7% (u) sin m@dQ 


m gm 
Tm (#) =(—1)" (1-2)? 5 Pr 
(2) = (—1)" (1-2)? £5 P, (a) 
(2 is real, and —1<z<\1). 
Tx (x) has the orthogonality properties 
+ (n+m)! 2 
[re ) ONENESS re ae Nice ty OF 


The scattering function # may be expanded in Legendre polynomials: 
= 2b 
F (te) 2a F, P; (uo) where F, = f F (uo) Pi (up) d 2 
Substituting these series expansions in the Boltzmann equation, we get: 


(1) ore -V( Hnantink 22 icprntion ae 6) -NVo+8+ 
ot Ou oy 0z 


2In+Il 
+Vo; >: fe 
n=0 


F, {4s P, ( oe (Am cos m®+ Br sin m®) Tr (u 


mi 


We next multiply equation (1) by P:(u) and integrate over d2, which gives 


aA, V_(aAby @Abe  OBLa OB: 
Gt 21+1| az du «ay oy 
+ (I+ jy 2a 4 2A i Vinee RPh © 


where 6, =o—F 0; and /=0, 1, 2,... 
We then multiply equation (1) by Z/(u) cos k® and integrate over dQ, 

getting 

@ At V ey s (a 22) OE ee 

mt 20 21+1 Oa ee 2 da 


Bry OAM URW (Pf Br) (ose oF) 
% et) 2 Ox Cy a ons dy 
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Ak a A* 
)+a+ny (b+) 2S 


( Arh  OBY 
4 + 
“Gas oy 

—~Vb Ak + [ STF (u) cosk®-dQ 


Finally, multiplying equation (1) by Zi (u) sin k@®, and again integrating 
over dQ, we obtain 


a By Ve fi(i+1) @Aiz1 OAi-1+\  (L—k+2)(lL—k+1) (OBI 
Ox1 oF =e 
et 21+1\| 2 ey ey 2 Ox 


eet) SE a (Mas ae 


oy 2 OL oy Ou oy 
0 Br GAT OoBr, 0 Bray 
& vasted cp AE pee 
1 Ox Cy or) Oz al -) Oz 


— Vb, Bi + [ STF (u) sin kOdO 


Instead of the Boltzmann equation we now have a system of differential 
equations. The more terms we take in the expansion of N the more differential 
equations we obtain: the accuracy of the calculation depends on the labour 
which can be expended on computation. It is found to be most convenient to 
take an even number of terms. 

We shall now apply the above calculations to a rectangular three-media block 
on a square base. The system is assumed to be source-free, and in the stationary 
state. Defining the symbols as in Fig. 1, the boundary conditions are that the 
neutron density is zero at x=0, 2=a, y=0, y=a, and at z=2,. It.is assumed 
that the neutron distribution is known at 2=2%. 


The special case n=0 and 1 


The simplest possible case is if only the terms for n=0 and n=1 are taken 
in the expansion for N. The following system of equations is then obtained: 


adi OBI ad, 


ba, ey be te 
oa + 30,4, =0 
- “40430, 41=0 
— $0435, Bl=0 


500 


ARKIV FOR FYSIK. Bd 6 nr 48 
Substituting for A,, A} and B} in the first of the equations, we get: 


eA, A, eA 
ee 
Ce MOP au 63" 


°— 3b,b, A) =0 


which is simply the well-known elementary diffusion equation. By integrating 
the series expansion for N with respect to Q one finds that A, is the total 
number of neutrons per unit volume. Furthermore 1/L?=3 b)),. 

With the boundary conditions assumed above, we may take as a particular 
solution: 


2h NE 7 8 
Ay=(Ae*~ + Be ™) sin -sin 74 
a 


a 
where 


m1 
a= 3byby +75 (m? + n?) 


and m,n, are positive whole numbers. The general solution is the sum of such 
expressions over m and mn: the neutron density is thus found as a double 
Fourier series with components of the type A, (compare [1]). The calculations 
will here only be carried through for one Fourier component. (For a medium 
of infinite extent in the xz and y directions the solution would be 4,= Ae” + 
+ Be, with «?=36,b,. In this case, as in that treated below, one gets the 
“plane” case, i.e. that for an infinite slab, by setting m=n=0 in the formulae 
for «). 

We must now postulate a solution with undetermined coefficients for each 
of the three media, and then determine the coefficients by means of the con- 
ditions at the boundaries between the media. We assume: 


a M,=(4e"+ Be”) sin - sin — 
a a 
M,= ~ s(4e" = Be ®) sin ssi 
3b, 
I. N,=(C sinh yz+D cosh yz) sin at a 
N,= Font cosh yz+ D sinh yz) sin ean — 
Ill. K,=E sinh «(z— 2g) + sin chal Fa 
K,= —_— F cosh a.(2 = 25) S10 NE 
if a a 


In these equations M,, N, and Ky correspond to the original Ay, while M,, 
N, and K, correspond to A,. The symbols «, by and 6, refer to the graphite, 
and the corresponding symbols y, cy and ¢, to the cadmium. 
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We have thus five unknown coefficients. By setting M,=N,, M,=.N,, and 
N,=K,, N,=K,, at the boundaries between the media, we get four equations 
by means of which four of the unknowns may be expressed in terms of the 
fifth. The remaining unknown may be determined by Fourier analysis of the 
experimentally determined neutron distribution in the plane z=2,. 

Besides the boundary conditions used above there are also those corresponding 
to At and Bi: these would however make the system of equations over-deter- 
mined. This is a result of breaking off the series after only a finite number 
of terms. 


The special case n=0, 1, 2,3 


If one takes the terms for n=0, 1, 2, 3, in the series expansion for N, one 
gets a system of 16 differential equations which is difficult to solve. We are 
however most interested in an exact calculation of the variation of neutron 
intensity in the z-direction. In the x and y directions the elementary theory, 
with appropriate corrections near the boundaries, should give a satisfactory 
result. We therefore take only the coefficients Ay, A,, As, As, At and Bi, and 
so we get the following system of equations: 


1 

ae des Legon? 
go Ae Po + 3b, 4,=0 
ade Oe. 54,4) ao 
ody 24s. 53, ping 


GAL OB ap Al ee Ar 
be ey +3 aa +27 + 5b, A = 


F 
3°#14.7),4,=0 


It is reasonable to try: 


<= MUL 
Ay=aye™ sin sin 
a 
- MAL A. MoE 
A,=a,e™ sin an 
a ; 
- ML . 
A,=a,e sin on 
a 
Lee af SNe 
A,=age™ sin 7 Sin Lt | 
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1 1 MAL . NIH 
A;=aje“ cos sin Y 
a a 


mere . Max NY 
Bi=bie@ sin 7 08 Z 
a 


By substitution we find: 
bo b, — a 
a” (146, + 9b,) — 35 b, by bs 


Ay = 7 Ay bs - 


a 
a= Sp at ob) 
A eae ae 
3 7 bs ‘2 

mI 


nd the condition 


ot — o? (27 by by + 28 by bs + 35 bg bg) + 105 by by bab — 


2 
— 74 (mi? +n*) [2(0+ 75) -356,0,~70485| =0 (2) 


1 


As a check, one may set m=n=0, giving the plane case, or b,=6,=0, 
vhich gives the special case n=0, 1, described above. 
We thus get the following expression for the Fourier component of order m, n: 


if M,=(A4e*+ Be“ +Ce* + De®) sin BS cain See 
U.. N,=(Esinh yz+F cosh yz+@ sinh 6z+H cosh 6z)-sin ait — 


I. K,=[J sinh « (2-23) + J sinh B (z—2z,)] sin = “sin HEA 


nd corresponding expressions for M,, M,, M, etc. In these expressions +« 
nd +f are the roots of equation (2), for graphite, and +y and +6 are the 
orresponding roots for cadmium. It is assumed that |«|<|A]. 

We have thus 10 unknowns. Continuity at the boundaries gives 8 equations, 
nd the two remaining equations are provided by the neutron distribution in 
he plane z=z,, where one must assume an angular distribution. It is in fact 
he coefficient C which depends on the angular distribution, and C, which in 
ny case is only important in the region near z=%, is in our case negligible. 
Ve thus have 9 equations and 9 unknowns. 
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The special case n= 0, 1, 2, 3, 4, 5 


If, proceeding as above, we take only Ay, 4,, As, As, Ay, 45, Ai and B} 
we get the following system of equations: 


Sa eee 
goto pat 
a eae + 3b, ie 
a — 20+ 3b, BI=0 


Ai OBL 04s, 04, 
ae Oy +3*+ 24+ 5b,4,=0 


0A, dA, 


pay gc ae-rian mee A,=0 
aA; 
5o#s + 4°“9 1 9b, 4,=0 


pias +116,A,=0 


Making assumptions corresponding to those made in the previous case, we find: 


: Wa? 1602 
by =) ( _ 25a? 160% 
(+ b,) (2% 11 b; al 


a= —a, 
; "(5%- 5E-22) (99, Ba" 1820) 144.0! 
* ya Oy a aba Nien) tooo hee 
12? 
a 7 bs 
cee, 25a? 160? 
$ pl lowes 
ie 
go — 35, (242 ta) 
a 
a3 ~ 7p, (4% + 3.49) 
_ daa, 
at Lb, 
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ay eo be (Q Ay) 
NIC 
bj = 3b, q (20 %) 


The condition for the determination of « becomes: 
225 a® — at (675 by by + 700 by by + 704 by bs + 875 by bg + 880 bb; + 
+ 891 by bs) + a? (2625 by by by by + 2640 by b, by b; + 2673.by b, b, bs + 
+ 2772 by bs by bs + 3465 by bs b,b;) — 10395 by b, by bs b, b; — 


2 
= 3 (m? +n?) |= (225 + 525 bs +528 *) — a” (179 by bs + 176 yb; + 
a b, b, 
bs 


+ 875 b,bs + 880b,b; + 891 bys + 2079 5 
ah 


by b) + 693 By bs b4b; + 


a= 3465 bs bs by | = 0 


As before, a check can be made by setting m=n=0, giving the corresponding 
equation for the plane case, and by setting b,=6;=0 we get the equation found 
above for n=0, 1, 2, 3. 

Analogously to the previous case, the result is a system of equations having 
15 unknowns. Continuity at the boundaries gives 12 equations, and the re- 
maining three are provided by the neutron distribution in the plane z=z,. One 
finds that in this special case two of the unknowns may be set equal to zero, 
and we thus arrive at 13 equations and 13 unknowns. 


Numerical calculations 


Numerical calculations have been made with the following assumptions: 


a= 198.1 cm 
Z,= — 0.01 cm 
23, = — 66.65 cm 
Graphite: oq =0.00485 barns Cd og =2500, 2750 and 3000 barns 
: o; = 4.84 barns o; = 6.5 barns 
Density: 1.64 g/cm? Density: 8.64 g/cm? 


The absorption cross section of graphite has been chosen to fit the case with 


no cadmium sheet. 
For the calculation of the scattering function F it has been assumed that 


the scattering is isotropic in the centre-of-mass system, and that the atoms are 
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at rest before collision. With these assumptions one gets the following expres- 
sions for the F' coefficients: 


F,=1 
ae 
A 3A 
5°34") 23 ee eee 
a STW Oa ha Seas 
F;=0 
F = (g1— 190.4? + 105 A*) + _(_ 4%(1 7 A?) log ae 
4 96 644 = ee | 
F;=0 


where A is the mass of the scattering atoms. For large A, F, may be ap- 
proximated by 1/5 A”, and F, by —1/63 A+. 

The amplitude of the “fundamental frequency”, i.e. the Fourier component 
with m=n=1, has been calculated for coordinates corresponding to the measuring 
planes used experimentally, which were at z= +16.2 and z= +37.8. The am- 


plitude in the fourth plane has been set equal to 100. The results are given in 
Table 1. 


Table 1 


A» calculated using approximation 


: : Ay, Ai, Ao, As, 
z Ao, A; with oo, Ao, A1, Az, Az with Oo, Ag wee eit at, 


2 
33 
or 
5&§ 
2 
a6 
O'H 
= 8 

3 


2 500 2 750 3 000 2 500 2 750 3 000 2 750 3 000 


37.8 100 100 100 100 100 100 100 100 
16.2 |37.50 {37.49 |87.48 |37.87 37.84 |37.82 {37.87 187.85  |38.94 
0 3.184 | 3.153 | 3.132 | 3.203 | 3.167 | 3.137 | 3.176 | 3.145 

—0.01 | 0.7941 | 0.6470 | 0.5279 | 0.9959 | 0.8509 | 0.7303 | 0.8901 | 0.7685 

-10 | 0.5752 | 0.4686 | 0.3824 | 1.0472 | 0.8880 | 0.7682 | 0.9067 | 0.7875 

— 16.2 | 0.4680 | 0.3813 | 0.3111 | 0.8525 | 0.7229 | 0.6254 | 0.7386 | 0.6416 | 0.751 

— 37.8 | 0.2090 | 0.1703 | 0.1390 | 0.3810 | 0.3221 | 0.2795 | 0.3301 | 0.2867 | 0.380 

— 66.65] 0 0 0 0 0 0 0 0 


— 
> 
—] 


Experimental measurements 


The influence of a 0.1 mm cadmium sheet on the neutron distribution in a 
rectangular mass of graphite has been measured using the same method as that 
described by Cartsom [1]. The geometry of the arrangement is given in Fig. 2, 
which shows that two of the measuring planes are above, and two below the 
cadmium sheet. The neutron distribution in the fourth or uppermost plane gives 
a boundary condition which is used in the theoretical treatment, while the 
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TARGET OF THE 


PARAFFIN 


ee pa 
iil esowe eas 
ea bes 


ae 


Fig. 2. The experimental arrangement. All dimensions are in centimeters. The graphite mass 
is shielded on the vertical sides and underneath with cadmium sheets not shown in the figure. 


MEASURING PLANE 


20/6 


distributions in the three remaining planes are used for comparison between 
theory and experiment. With this arrangement one thus has one set of values 
above the cadmium sheet, and two in the more interesting region below it. 
-In setting numerical values to the symbols of Fig. 1 the dimensions of Fig. 2 
have been taken, the values used for a and z, being corrected for edge effects 
in the usual way (see [1]). 

The measurements were made at 36 different points in each measuring plane, 
Mn-Ni foils being used as detectors. The neutron source was a 200 kV neutron 
generator [5]. The activities were measured with Geiger counters. At the point 
of greatest neutron density in each plane the number of pulses above background 
in 64 minutes was roughly as follows: 


Plane With cadmium Without cadmium 
1 750 18 000 
2 1 600 40 000 
3 90 000 120 000 
+ 250 000 250 000 


Since the background amounted in the same time to about 1000 pulses, there 
is a relatively large statistical error on the measurements made in planes | and 
2 when the cadmium sheet was included. Each measurement in these planes 
was therefore repeated at least three times. 

All measurements of neutron density were made relatively to a monitor foil 
placed in the fourth plane, and, in order that densities found with and without 
the cadmium sheet should be comparable, measurements of the monitor foil 
activity were also made using a Ra Be neutron source, which was assumed to 
be constant. The ratio between the neutron densities at the monitor without 
and with the cadmium sheet was found to be 


1.082 + 0.006 
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AMPLITUDE 


WITH Cd SHEET 
WITHOUT Cd SHEET 


o MEASURED 
— CALCULATED 


ae 
-66,65 5O 


Fig. 3. The measured and calculated values for the amplitude of the fundamental frequency 
for the cases with and without the cadmium sheet in the graphite. Note the great difference 
even on the source side of the Cd sheet. 


A Fourier analysis was made of the density values found, and the amplitude 
of the “fundamental” determined for each plane. The amplitude in plane 4, 
with the cadmium sheet, has been set equal to 100. The results are: 


Plane With cadmium Without cadmium 
4 100 108.2 + 0.6 
3 38.24 + 0.13 55.54 + 0.4 
2 0.751 + 0.006 19.51 + 0.13 i 
1 0.380 + 0.005 8.73 + 0.06 
Discussion 


Fig. 3 shows the measured and calculated values for the amplitude of the 
fundamental, with and without cadmium. The variations in the calculated values 
due to the different cross sections assumed for cadmium are so small that they 
would not be distinguishable on this figure. The influence of the cadmium sheet 
is very marked, even on the side nearest the source. 
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e MEASURED AMPLITUDE 
— CALCULATED WITH 6 =2750 BARNS 


A, APPROXIMATION { 


Hig. 4. The calculated values for the amplitude of the fundamental for the different approxima- 
ions, taking 0,,=2750 barns. The figure shows plainly the great improvement when using 


the A; and higher approximation instead of the A, approximation. 


Because of the nature of the neutron source it is difficult to calculate theo- 
retically the ratio between the neutron densities without and with the cadmium 
sheet. An estimaticn made using the A, approximation and assuming the same 
neutron flux in both cases at the upper face of the graphite mass gave the 
value 1.10 for plane 4: this is reasonably close to the measured value 1.082+ 
+ 0.006. 

Fig. 4 shows the calculated results for the region under the cadmium sheet, 

using the various approximations and taking ocg =2750 barns. The measured 
values for planes 1 and 2 are also included in the figure. It is clear that the 
A, approximation is a great improvement on the A, approximation, but the 
lifference between the A, and A, approximations is very small, and there would 
be little advantage in attempting higher approximations. There is also a great 
lifference between the A, and the higher approximations in the form of the 
surve near the cadmium sheet: the form of the higher approximations is much 
more as one would expect in the region near a strong absorber [8]. 
The effect of the cadmium cross section on the amplitude of the “funda- 
mental”? as calculated by the A, approximation is shown in Fig. 5. The value 
xf the cross section which is in closest agreement with the experimental results 
an be estimated by interpolation, which is best done by plotting the amplitude 
of the fundamental in a given plane on a logarithmic scale against the cadmium 
ross section. This has been done for plane 2: the resulting curve (Fig. 6) is 
onveniently linear at high cross section values. 

In this way the following values are found for the cadmium cross section: 


Oca by approximation 
Plane A, A; A; Ass 
ja 1 800 + 30 2510 + 30 2 540 + 30 2 550 + 40 
2 1 950 + 20 2 700 + 20 2730 + 20 2750 + 30 
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e MEASURED AMPLITUDE 
— CALCULATED 


Fig. 5. The calculated values for the amplitude of the fundamental for different cross section: 
of Cd, using the A3-approximation. 


AMPLITUDE 


re A,_ APPROXIMATION 
4 
3 
2 
hs 
ho 
Ors 
Os 
+2 Sa 
6) 1000 2000 3000 BARNS 


Fig. 6. The calculated amplitude of the fundamental in plane 2 as a function of the cross 
section, for different approximations. The measured value 0.751 gives the cross section values 
1950, 2700 and 2730 for the different approximations. 


The results for plane 3 have not been used, because their error is large 
compared to their dependency on the cross section. - 4 


An attempt has been made to find by extrapolation the value for the cross 
section which would result if an infinite number of terms were included in the 
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Oca 
2500 
2000 
o PLANE 2 
PLANE 1 
1500 
An As A; A, 


Fig. 7. The cross sections found for different approximations, plotted as functions of the 
inverse of the order of approximation. The extrapolated values indicate the value vhich 
would be found if an infinite number of terms were taken, i.e. the exact solution. 


series expansion. This has been listed in the above table as A,,. These values 
have been found by the use of Fig. 7, where the cross section is plotted as a 
function of the inverse of the order of the approximation. (The A,, A3, A, and 
A,. values thus correspond to the points 1, 0.33, 0.2 and 0). This extrapolation 
is of course very unreliable, but it nevertheless shows that the cross section for 
A,.. cannot be much greater than that for A,. Apart from the errors given in 
the table there is an uncertainty of at least 5%, due to variations in the thick- 
ness of the cadmium plate. The values found may be compared with those given 
by GoxtpsmitH et al. [6], which is about 2900 barns for thermal neutrons having 
a Maxwellian distribution, and more recently by Hucuss et al. [7], whose cor- 
responding value is 3100+300 barns. 

The reason for the relatively large disagreement between the values for the 
cross section given above may be statistical error, but it may also be found 
in the assumptions which were made in the calculations. It was assumed 
that the neutrons were all of the same constant velocity, whereas in reality 
they have an unknown velocity distribution. Since cadmium only absorbs 
neutrons with an energy of less than about 0.3 eV, it is not unreasonable to 
suppose that those neutrons which have passed through the cadmium sheet have 
on the average a higher energy than those which have not done so. This would 
mean that the diffusion length for the neutrons below the cadmium would be 
longer than that of those above, and so the neutron density would fall off 
slower than the hyperbolic sine used in the calculation. The sense of the dis- 
agreement amongst the results for the cross section supports this argument. 

It is of interest in this connection to note that K. HE. Larsson [8] found an 
effect which can be explained in the same way, in his study of the neutron 
diffusion outside a cadmium sphere suspended in water (see his Fig. 8). The 
effect is greater in his case because of the higher energy of the primary neutrons. 
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Introduction 


The present investigation deals with the determination of characteristic X-ray 
intensities as functions of the voltage of the X-ray tube, in order to find the ex- 
citation potentials of certain X-ray lines. 

The excitation potential of an X-ray line is the lowest accelerating voltage of 
the X-ray tube for which the line in question appears. Characteristic radiation 
is emitted when excited atoms reorganise. The excitation of an energy level is 
therefore the primary atomic event, to which the measurements correspond. 

An X-ray level may be excited by an electron or a photon of sufficient energy. 
The excitation potential and the frequency of the absorption edge are equivalent 
quantities, referring to the same amount of energy, eV and hy respectively. This 
fact may be utilised for determination of the constant h/e. 

The method of investigating the voltage dependence of X-ray intensities in 
order to find the position of atomic energy levels was early applied to the soft 
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X-ray region. [Cf. SrzaBaHNn 1931, p. 434.] The radiation from the anticathode 
impinged directly on a metal surface, and the photo-current from this surface 
was determined as a function of the X-ray tube voltage. An investigation on 
these lines carried out by SkinneR [1932, 1933] introduced many of the problems 
recurring in the present investigation, such as target contamination and the 
work function correction. 

A considerable improvement in technique is made possible by the construction 
of high intensity spectrometers with sensitive detectors such as the ionisation 
chamber, the Geiger counter and the photomultiplier. Use of monochromatic 
radiation greatly simplifies the problems involved. However, very few investi- 
gations of excitation potentials have been reported in the last two decades. 

Parratt [1936] made beautiful determinations of excitation potentials for satellite 
lines in the K spectrum, using a double crystal spectrometer and ionisation chamber. 

Later, BEARDEN & Scuwarz [1941], determined excitation potentials for Ni, Co, W 
and some other metals, and by numerical comparison with corresponding absorption 
edges, arrived at a figure for h/e. 

The present research was undertaken in connection with precision determinations 
of h/e from the short wavelength limit of the continuous X-ray spectrum and investi- 
gations of the fine structure in the neighbourhood of this limit [OntIn 1941, 1942, 
Nitsson & Onin 1946]. The original purpose was to endeavour to make a new 
determination of h/e, and at the same time to obtain data relevant to the problems 
associated with the work function correction. It was soon clear that a high degree 
of resolution could be achieved in determinations of excitation potential, and the 
unexpected detail richness of the curves obtained brought into the picture problems 
belonging to the sphere of solid state physics. The purity of the target — an essential 
factor in determinations of this kind — became one of the main experimental objects 
of attention. 

Some questions of nomenclature may be made clear: 

1) The curves obtained are consistently called excitation curves, as distinct from 
absorption curves, though the latter are also in a sense excitation curves. 2) The term 
“excitation potential” can be given a wider meaning than a single threshold value 
for a spectral line: it can refer to transitions to the bottom of each unoccupied energy 
band for which these transitions are connected with an abrupt increase in the re- 
corded intensity. 3) By analogy with absorption curves, the word “‘edge’’ is also 
applied to the excitation curves, where there is no risk of misunderstanding. 


Chapter I. The X-ray tube 
A. The contamination of the target 


One of the most troublesome problems in the present investigation was the con- 
tamination of the target while in operation. It is well known that a certain amount 
of vapourisation of the cathode cannot be avoided. Tungsten lines appear sooner 
or later in the spectrum from an X-ray tube with tungsten cathode. In order to 
minimise such difficulties, OHLIN constructed a tube with a large distance between 
the cathode and target for determinations of h/e. A magnetic lens was incorporated 
for the purpose of regulating the size and position of the focal spot. This tube was 
tested in connection with measurements of the Ohlin structure at the quantum 
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limit of continuous spectra, and is described in the paper by NILSSON and OHLIN 
[1946]. The cathode used on that occasion was of unipotential oxide-coated type, 
which obviates the deterioration in the voltage resolution caused by the voltage 
drop across a tungsten cathode. 

The first attempts to obtain excitation curves were made with this X-ray tube. 
Fairly reproducible curves were obtained with a powder anticathode; some K excita- 
tion curves were taken for calcium’s Ka, line with calcium oxide as anticathode. 
But similar experiments with chromium and titanium were entirely unsuccessful, 
This proved to be due to the rapid formation of a contaminating layer on the focal 
spot. Organic molecules with abundant carbon from vacuum seals and pumps are 
distintegrated by the electron beam, leading to the deposition of a layer of free 
carbon on the target. Oxides and sulphides are also formed by oxygen and sulphur 
in the tube’s residual gases. Since electrons accelerated by a voltage as low as 
that used here do not penetrate far in solids, the X-radiation is emitted from a 
very shallow surface layer. The characteristic radiation of the target metal is therefore 
increasingly repressed as the contaminating layer becomes thicker. With a powder 
anticathode, on the other hand, the target continually recovers from contamination 
as grains of the powder are loosened by the electron bombardment, exposing fresh 
surfaces of the powder. A powder anticathode, however, must be unsatisfactory for 
measurements where even small temporary variations of intensity may distort the 
results. 

Instead of using a powder anticathode special precautions were taken to obtain 
an exceptionally clean vacuum, in order to eliminate contamination of the focal 
spot, at least during the time necessary for the determination of an excitation curve. 
This attempt was eventually successful, at first with red-hot anticathodes, and 
later even with cold. In metal X-ray tubes it is not possible to abolish all oxidation, 
as the degassing of the walls can never be perfect. In such tubes, under given vacuum 
conditions, there is for each element a maximum time for the determination of an 
excitation curve before oxide formation produces too large a distortion of the meas- 
urements. This maximum time was found to vary with different anticathodes from 
about 4 hr. for the easily oxidised elements to over 2 hrs. for metals such as chromium 
and nickel. A moderate increase in the target temperature effected a considerable 
reduction of oxidation, and it was in fact necessary to use higher target tempera- 
tures for cobalt and iron. (See the descriptions of the individual excitation curves 
in Chapter VI.) 

The necessity for complete purity of the target surface is, as mentioned above, 
connected with the rapid absorption of an electron beam by solids. It is possible to 
estimate the retardation of the electrons quantitatively either by the Thomson-Whid- 
dington law [see for instance TERRILL 1923], or with the help of an expression 
formulated by Wiiu1aMs [1930-31]. According to such calculations a carbon conta- 
mination of 100 A retards a 10 kV electron beam by about 25 eV anda tungsten layer 
of the same thickness by about 200 eV. The 10 kV electron beam is totally absorbed 
by a metal target of the elements used in this investigation in a layer of, or less than, 
4 micron. 

The deposition of carbon on surfaces bombarded with electrons has been treated 
in detail in connection with the electron microscope [K6n1G 1948 and references there]. 

Another important type of target contamination is the oxidation occurring during 
the evaporation from the metal furnace used. This oxidation is dependent on the 
degassing, on the degree of vacuum, and on the rate of evaporation. There is a greater 
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risk of oxide contamination of the evaporated layer if evaporation is relatively 
slow [Stat 1949, LevinsTEIn 1949]. During the Cr Ka, measurements, an attempt 
was made to obtain excitation curves for chromium films, 100 A thick, evaporated 
on to a Be layer. The excitation potentials for these films corresponded to the K 
absorption edge of Cr,O,. This result showed that the chromium layer was consider- 
ably oxidised. 

The ordinary well known conditions for obtaining a pure vacuum must be 
strictly considered if the resolving power of the high voltage set employed is to 
be fully utilised. A summary of such important vacuum factors is given below: 

(1) The evacuating system should have a high pumping rate and low limiting 
vacuum. (2) Backstreaming of oil vapour from the diffusion pump or other parts 
of the apparatus must be effectively prevented. (3) Vacuum connections should 
be of large bore. Surfaces liable to appreciable rise in temperature under operating 
conditions should not be enclosed in spaces with narrow openings. (4) All parts of 
the apparatus exposed to higher temperatures under operating conditions should 
be effectively degassed beforehand, preferably at a temperature above the opera- 
tional temperature. (5) Metal surfaces heated under operational conditions should 
not contain metals with high vapour pressures. Brass should be avoided in parts 
not effectively water-cooled, and likewise soft solders. (6) The inner surface of the 
X-ray tube should not include organic sealing substances liable to give off vapour at 
operating temperatures. All indispensable organic sealing substances should adjoin 
well-cooled surfaces, and should be isolated from the high vacuum space by long 
diffusion paths. Rubber seals and Glyptal laquer belong to this category. Picein 
seals should be totally avoided. (7) The effect of cathode evaporation or sputtering 
should be reduced to a minimum by having a large distance between the cathode 
and target, by screening non-emitting parts of the heater filament, and in the case 
of oxide cathodes, by applying a thin layer of oxide as well as careful formation 
and degassing. (8) A furnace for the renewal of the target surface with an evaporation 
film under vacuum should be mounted inside the X-ray tube. (9) The electron beam 
should be well concentrated, so that stray bombardment of badly cooled surfaces 
does not take place. (Good electron-optical symmetry and central beams.) (10) 
Provision should be made to deviate the electron beam from the anticathode after 
renewal of its surface, so that it is not under bombardment while other preparations 
are being made for intensity measurements. 


B. Construction 


The X-ray tube previously mentioned was reconstructed in complete conformity 
with these principles, and its final form is shown in Figs. 2-8. The parts liable to be 
bombarded with electrons were made of copper, and the other inner surfaces were 
of porcelain or brass. All vacuum seals were either rubber rings or Glyptal lacquer. 
The rubber rings were treated with warm potassium hydroxide solution [after 
Yarwoop]. Glyptal lacquer was dried in an oven at 120° C, after which its vapour 
pressure is comparable with that of brass [JNANANANDA]. 

The removable target was a cylinder of copper fitting tightly into the water-cooled 
copper holder, to which it was fastened by screws through the basal flange. Figs. 4 
and 7. The target in Fig. 7a was used for excitation curves at high temperatures. 
A molybdenum pin was screwed into the short copper base, its head being slotted 
to take the inset anticathode plate. The temperature of this plate depended on 
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in the centre a screen against scattered radiation; to the right the slit and 


scale. 


Fig. 1. View of the spectrometer table. 


To the left the upper part of the X-ray tube, and the crystal holder; 


Geiger counter on their mounting, and a lamp to illuminate the micrometer 
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the diameter of the pin and the intensity of 
bombardment, and could be regulated over 
a wide range. The principal type of target 
used is shown in Fig. 7b. It was made of 
copper, and was used in conjunction with 
the metal evaporation furnace. The radi- 
ating surface was at an angle of 71.6° to the 
axis. There must be a certain temperature 
gradient in the copper cylinder, and a rough 
estimate gave the temperature at the focal 
spot as about 100° above room tempera- 
ture with an emission current of 20 mA. 
For some metals it was desirable to increase 
the temperature some hundreds of degrees. 
Since the metals in question were all rela- 
tively poor conductors of heat, this higher 
temperature was obtained by using a plate 
of the metal, fitted tightly into the slot in 
the end of the copper cylinder. 

The target was observable under bom- 
bardment through a window in the lid of 
the spectrometer, by means of two alumin- 
ium mirrors and a telescope. Incandescent 
temperatures were measured with an op- 
tical pyrometer, which was corrected for 
the reflections at the two aluminium mir- 
rors. The aperture at S in Fig. 4 had to 
be kept open when the target was observed 
visually, and a pyrex-glass tube was then 
fitted over the copper cylinder to isolate 
the tube and spectrometer vacua from one 
another. 

The evaporating furnace and its mounting 
are shown in Fig. 8. The mounting was at- 
tached to the cooling jacket, and bored with 
a hole of sufficient diameter to allow the elec- 
tron beam to pass unobstructed through the 
centre when the X-ray tube was in normal 
operation. The furnace was made of molyb- 
denum, which can be machined without dif- 
ficulty. Tungsten would have been better 
with regard to its lower vapour pressure, but 
attempts to make a tungsten furnace had to 
be abandoned because of the metal’s hard- 
ness and brittleness. The vapour pressure of 
molybdenum is sufficiently low at 1500° 
not to affect evaporation of the target metal 
[Law 1948]. (A provisional tungsten furnace 
was made for the evaporation of titanium, 
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Fig. 2. View of the X-ray tube. 


The radiation emerges from the horizontal slit near the top. Between this slit and the spectrometer 
able are the deflector coils and the circular opening through which the anticathode can be observed 
with the help of mirrrors when the tube is in operation. The iron case of the focusing coil is visible below 
the spectrometer table, the cathode and ionisation gauge lower down. To the left are the evacuation 


sabes to the spectrometer and X-ray tube, the latter fitted with a liquid-air trap. 
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Fig. 3. The X-ray tube dismounted for changing of the target. 


The earthed outer cover is removed in the right-hand figure, revealing the anticathode housing. This 
too is removed in the left-hand figure, showing the target and evaporation furnace. 


which requires a temperature of 1800° C.) The furnace was heated by means of the 
electron beam, which was deflected from its normal central course for this purpose. 
The thick walls of the furnace ensured a uniform temperature distribution and a 
reproducible evaporation rate. At a given voltage, this rate could be determined in 
terms of the electron current. The furnace was calibrated in this respect by measuring 
the Ka, intensity of the evaporated element with copper or beryllium as target 
base. The intensity increases as evaporation proceeds until the layer deposited on 
the anticathode is so thick that the electrons penetrating the entire layer are retarded 
to such an extent that they can no longer emit the Ka, frequency, neither in the 


eee eee 


Fig. 4. Section of the upper part of the X-ray tube. 


A-—porcelain insulator for centring the copper JL — brass plate supporting the anticathode system. 


tube #. M-—copper anode with a 6 mm aperture and an 
B -exchangeable target. Fig. 7. outer ring of evacuation holes. L and M are 
C — window covered with thin metal foil (Al or Ni). short-circuited. 
D — evaporation furnace and mounting. Figs.3and8. N — water-cooling. 
HE —anticathode housing of copper. O —porcelain insulator. 
F — cooling tubes to the anticathode, in the figure P —inlet for cooling water to the anticathode. 
turned 90° from their proper position. Q —porcelain insulator. 
G—coils for deflecting the electron beam. R — grooves for rubber rings. 
H — spectrometer table. S —rotatable copper cylinder for closing the inner 
I —focusing coil in soft iron case. mirror window. 
K — adjustment screw for the focusing coil. T — collar for the removable part of the outer cover. 


520 


ARKIV FOR FYSIK. Bd 6 nr 49 


(A) 
@) 
©) 
0) 


aie as 


“ 
q Sm “yp 
Ny 
A ee NAS 
iL iy NA 
Ny = ~ 
es — ‘ =~ 
SSt 
po Sm ZN 
SS € Y 
x, 
cs 


521 


100 mm 


AW 


IS A\SAAAY 


_ = 


Hb ©® 


R)- 
@) 
@) 
W) 


A. nitsson, The K excitation potential of some 3d elements 


LLLLLLA 
CELL LAL EEE EEE SLLLL 


TELE 


0 50 100 mm 


| 


Fig. 5. Section of the lower part of the X-ray tube with the tungsten cathode. 


A —pivoted cathode support, fitted with a spring OC —threaded cylinder for adjusting the height of 


to stretch the filament. the cathode. 
B —earthed cathode shield with 6 mm circular D — insulated steel rod, the outer end water-cooled 
aperture. when the tube is in operation. 
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Fig. 6. Oxide-coated cathode. 


A —nickel plate with 6 mm circular aperture, the # —steel rod with insulating sheath. Longitudinal 


height adjustable by means of the threaded expansion is taken up by the free lower end, 
brass cylinder B. and thus does not move the insulated fila- 
C —platinum cap for the oxide coating, with a ment support. 
flanged iron base adjustable vertically. F —solid copper rod. 
D —\ock nut. G — water cooling. 


H —filament base, horizontal section. 


continuous spectrum nor in the characteristic. Evaporation rates giving this minimum 
layer in 2-5 minutes were preferred. 

Special difficulties were encountered in evaporating nickel. Nickel readily forms 
an alloy with molybdenum, and its vapour pressure is then lowered considerably. 
[he lowest melting point for a Mo-Ni alloy is a theoretical upper temperature limit 
for the evaporation furnace. But this temperature gave too low an evaporation rate. 
Attempts to separate the nickel from the molybdenum by graphite were unsuccessful 
because of carbide formation. The carbides formed a skin over the nickel surface [cf. 
SKINNER & JOHNSTON 1937]. Success was finally achieved by inserting a tungsten 
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Fig. 7. Two types of target. 


a. Molybdenum pin screwed into a copper base, with a wide slot for the target plate. 
b. Solid copper target with a polished end surface to take the evaporation deposit. 


crucible in place of the graphite, whereupon temperatures giving a good rate of evapora- 
tion were attained. A tungsten crucible with an evaporation plate is shown to the 
right of Fig. 8. 

The experience gained with nickel was utilised in dealing with iron and cobalt. 
The evaporation temperature for these three elements was the melting point or just 
under (about 1500° C). Chromium and copper, neither of which wets a molybdenum 
surface, were both evaporated directly from the molybdenum furnace, at about 
1100° C in each case. Titanium was evaporated just above its melting point (1720° C).. 
The vapour pressures at the evaporation temperatures used were some hundredths 
of a mm Hg [Law 1948]. ° 

Each time the spectrometer had been opened, the furnace had to be carefully 
degassed. This was performed at a temperature 100—200° lower than the evaporation 
temperature. The rate of evaporation is then decreased by about a power of ten. After 
degassing, a film three to four times the minimum thickness (see above) was evapo-- 
rated on to the anticathode before the intensity measurements were commenced. 

The cathode. Both oxide-coated cathodes and tungsten cathodes were used, the 
latter for the main determinations, the former to investigate the effect of the work 
function on the excitation potential. 

The tungsten cathode is shown in Fig. 5. The filament was straight, with a free 
length of 22 mm and a diameter of 0.35 mm. It was kept taut by means of a spring 
arrangement, and was screened from the interelectrode electric field so that only 
a small central part emitted. The size of the emitting part could be estimated from 
the size of the focal spot, which was a comparatively sharp, enlarged image of the 
emitting wire. The length of the focal spot was about 6 mm, and the magnification 
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Fig. 8. Evaporation furnace of molybdenum with a copper mounting. 


To the right a small wolfram crucible used when evaporationg iron, cobalt and nickel. 


produced by the magnetic lens (I, Fig. 4) about 2, so the emitting length of the fila- 
ment was about 3 mm, a seventh of the flement s total length. The heater voltage 
was 1.7-2.1 V, which means that the voltage drop across the emitting part of the 
wire must have been about 0.3 V. In view of this slight drop, the tungsten may be 
Jescribed as a cathode nearly unipotential. 

The heater circuit is given in Fig. 13. The heater current was obtained from a 
lead accumulator, B6. Since this current was 10 A and the determination of a curve 
book several hours, the accumulator voltage fell slightly during the interval. A 
sorresponding drop in emission was avoided by inserting the battery B5 (low internal 
resistance) in parallel with filament and the rheostat R7. The fixed resistor R8 was 
shosen so that a very small current was taken from B5. The Bd battery potential 
was thus kept constant, and consquently the heater current as well. The arrangement 
was convenient in operation, and variations in the electron emission did not exceed 
P1.%,. 

The construction of the oxide cathode is indicated in Fig. 6. The base metal used 
was originally nickel, but later platinum. The oxide-paste was obtained from Sché- 
nander, Stockholm, and contained roughly equal amounts of barium and strontium, 
with a slight addition of calcium. When degassing and formation were carried out 
sarefully, emission was steady (though not to the same degree as with the tungsten 
sathode). The shortening of the oxide cathode’s life due to the admission of air into 
she spectrometer was a serious disadvantage, however. The emission from the oxide 
sathode was very sensitive to variations in the residual gases, and was markedly 
uffected by the degassing procedure prior to measurements. The oxide cathode is 
strictly unipotential, but this property is not balanced by the disadvantages men- 
jioned. Yet another disadvantage is the fact that the work function for an oxide cath- 
de ig not known with the same exactitude as that for tungsten, about which more 
will be said in a later chapter. 

The electron beam was employed for three purposes: it was used for degassing the 
X-ray tube, for heating the evaporation furnace, and for the production of X-rays. 
it was controlled by means of two electron lenses and a deflector coil. 
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The cathode and anode plate in combination can be described as an electrostatic 
acceleration lens. Centring should be precise, in order to avoid unnecessary spreading. 
Increasing the distance between the cathode and anode diminishes the angular aper- 
ture of the beam and increases the electron current to the anode. With the tungsten 
cathode a larger distance gave better focusing. At 20 mA emission, the current loss 
was about 1 mA with the distance actually used. 

The encased coil I in Fig. 4 was a convergent electron-optical lens focusing an 
image of the emitting section of the cathode on the target when the current through 
it was correctly adjusted. A horizontal linear image could be obtained with the 
tungsten cathode. Magnetic lenses have a focal length proportional to V/i? — where 
V is the beam voltage and 7 the coil current — so a certain amount of blurring occurs 
when V varies. This effect must be taken into account when large voltage ranges 
are involved. When emission and voltage are constant, the X-ray intensity produced 
varies with 7, and has a maximum for a particular value of 7. This value of the coil 
current was taken as the operating current. 

The deflector double-coil is shown in Figs 1—4. It was used to deflect the electron 
beam: (1) against the target housing for degassing, (2) against the furnace for evap- 
orating metals, (3) from the normal focal position to protect a clean target, and (4) to 
broaden the focus, in order to even out the temperature and the radiating target 
surface. The latter effect was achieved by sending an alternating current through 
the coil, causing an oscillation of the beam. Such oscillation of the electron beam 
did not effect the X-ray intensity when the focus was central and the slit and crystal 
correctly adjusted. 

Window C in Fig. 4, for X-rays, was covered with a thin metal foil. This was of 0.5 u 
aluminium except when the heat from the furnace might have affected this metal, 
In such cases a 1-2 u etched nickel foil was used. 

Degassing was checked by two vacuum gauges — an ionisation instrument con- 
nected to the X-ray tube (Fig. 2) and a Pirani manometer between the mechanical 
pump and the booster pump. Both gauges were highly sensitive to degassing pressures, 
Degassing was satisfactory if neither gauge showed any pressure increase when 
the electron beam was swung over from the target to the target housing or the furnace. 


Chapter II. Spectrometer arrangements 
A. The concave crystal spectrometer 


The high-vacuum spectrometer used for this investigation was constructed by 
OuLIN for the determination of Planck’s constant from the short wavelength limit of 
the continuous X-ray spectra. This spectrometer was one employing a bent crystal 
[JOHANN 1931] and has already been described in detail [OuLIN, Diss. 1941]. Parts 
of the apparatus that have been used unaltered will therefore be described but 
briefly here. The changes necessitated by the special requirements of the present 
investigation apply chiefly to the previously described X-ray tube, the Geiger 
counter, and the vacuum system. 

The body of the spectrometer was of wrought iron which has a very low porosity, 
imparting good vacuum properties to the walls of the chamber. The base was made 
from an I-section beam, and the lid from a segment of a boiler tube. Both were 
reinforced with welded flanges and plates. The ground, plane upper surface of the 
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I-beam was the spectrometer table. Holes were bored in it for evacuating, for the 
X-ray tube, and for mechanical attachments. Fig. 1. The spectrometer was made 
vacuum tight by means of rubber rings. 

The main parts of the spectrometer were the X-ray tube, the crystal, and the de- 
tector, consisting of slit and Geiger counter. 

The position of the X-ray tube was fixed, at a short distance from the crystal. 

The tube could be turned to give radiation in the desired direction. 
_ The tables for crystal holder and for the detector could be moved longitudinally 
along steel rods and locked in any desired position. The crystal table was provided 
with a circular scale, and could be rotated to give the required angle of reflection. 
The sht and target were fixed at the same level above the spectrometer table, while 
the level of the crystal could be varied. 

The slit consisted of two steel edges, one of which was adjustable. By means of 
a lever arrangement the slit could be turned to a position exactly parallel with the 
X-ray line investigated. 

The slit, the Geiger counter, and a counterweight formed a single unit. It was 
possible to turn this unit about a vertical axis through the slit, and to move it in 
a straight line in a direction chosen. This was accomplished by a construction involving 
a cone and micrometer slide. Fig. 10. The slide was arranged to give a motion along 
the tangent to the Rowland circle for determining the position and intensity distribu- 
tion of an X-ray line. Satisfactory reproducibility of the slide position had been 
obtained by a ball-bearing arrangement that rendered the motion almost frictionless. 
The position was adjusted by means of a micrometer screw, manipulated externally 
through a rotatable vacuum connection. The scale of the micrometer screw could 
be read through a window in the lid of the spectrometer. 


B. The crystals and the crystal holder 


The crystals were bent in steel holders with precision ground cylindrical surfaces 
of 1000 mm radius. The holders were so designed that stresses in the bending pieces 
were reduced to a minimum [Haciunp 1941]. The dimension of the crystals were 
15 x 25 x 0.5 mm. 

The Ti Ka, line was recorded with quartz 1011 [d, = 3335.74 X.U., Brocren & 
Friskopp 1948], and the other lines with topaz 101 [d, = 1352.86 X.U., SILFVERBERG 
1944]. Both crystals give high intensity in the first order reflection [INGELSTAM 
1939]. 

me quartz crystal was supplied by I’ Optique Scientifique and the topaz by Steeg & 
Reuter. 

The opening of crystal holder was 2 x 12 mm for quartz and 1.5 x 12 mm for 
topaz. The entire reflecting surface of the crystal could be utilised. The radii of the 
crystal surfaces were within 1% of that of the bending pieces. 

Scattered radiation was screened by a knife-edge stop in front of the crystal. 


C. The Geiger counter 


The wavelengths of the X-ray lines investigated were between 15 and 227A. 
The usual Geiger counters with argon or krypton have low efficiency in this range. 
Xenon has the Ly; absorption edge at 2.6 A, and in the range immediately below 


527 


A. nuxsson, The K excitation potential of some 3d elements 


Fig 9. Section of the Geiger counter. 


A —front window. D —the rear window. 
B - glass seal. E£ -—removable threaded end piece. 
C —brass rod, drilled to take the centralanode wire. F —the counter seen from the front. 


this value xenon’s linear absorption coefficient is 4 or 5 times as large as krypton’s 
and 6 to 8 times as large as argon’s. Counters are seldom filled with xenon, however, 
partly because of the low mobility of xenon ions and partly because of the difficulties 
to get the counters to function. It is customary to increase the efficiency of the argon 
counters by raising the pressure, but this necessitates an undesirable increase in the 
starting potential. 

Xenon-filled counters were used for the present investigation. The ionisation poten- 
tials of xenon and ethyl alcohol are too close for alcohol to be used as quenching agent 
[Brocren 1949]. But ethyl ether may be used. The ionisation potential of xenon 
is 12.08 V and of ethyl ether 9.72 V [Morrison & NicHotson 1952]. 

A diagram of the Geiger counter is given in Fig. 9. The X-ray beam passed through 
the tube diagonally in order to utilise the longest possible absorption path. 

The ends of the anode wire in a Geiger counter are usually surrounded by tubular 
quartz insulators, which prevent a continuous discharge in the narrower parts of 
the tube. But such insulators give rise to insensitive volumes. Quartz tubes can be 
avoided if the anode is connected with end wires of a suitable larger diameter. In the 
Geiger counter used, the anode wire entered the tube through axial holes in brass 
rods of 2 mm diameter (C), soldered to commercial glass-metal seals. The ends of 
the brass envelope were bored with large diameter holes, barely allowing sufficient 
space for the two windows A and D. By this arrangement the brass sleeves could be 
drawn back towards the end of the main volume, without affecting the length of 
the plateau. The field achieved is such that no dead spaces occur, which is of great 
importance for the efficiency of the counter, since the greater part of the incident 
X-radiation is absorbed close to the window A. 

The end piece EK was removable to facilitate internal cleaning when refilling the tube. 
It was threaded on to the main section. The window D was provided for easy ad- 
justment of the Geiger counter in the spectrometer. 

The dimensions of the main volume were 25 x 90 mm. The radius of the end holes 
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Fig. 10. The Geiger counter on its carriage. 


The slit may be seen in front of the counter. The counter, slit and counterweight are mounted as a unit 
which may be moved along the tangent to the Rowland circle by means of the micrometer screw visible 
ower down in the photograph. 


vas 7 mm. The windows, 9 x 2 mm, were covered with 20 u cellophane. The anode 
vas made of 0.15 mm molybdenum wire. 

The counter was finally sealed with Glyptal lacquer, which was dried at 80° C since 
the cellophane windows did not tolerate higher temperatures. Special grooves were 
ut around the windows to prevent Glyptal lacquer coming into contact with the gas 
nside the tube. Since Glyptal absorbs ethyl ether to some extent, its presence would 
shorten the life of the counter. The end piece E was also sealed with Glyptal lacquer, 
yainted around the outer end of the thread. 

The counter was filled with xenon at 75-90 mm, and 10 mm ether. The K«, lines 
nvestigated were absorbed 80 to 100 % (except Ti Ka, which lies on the wrong side 
yf the Liz edge of xenon). 

Fig. 11 shows an example of a plateau curve. The length of the plateau was about 
350 V. It will be seen that the slope is very slight; it varied between 0.01 and 0.025 % 
yer volt for four counters used. The slope of the plateau is principally due to spurious 
counts and dead space. The small slope of the counters used indicates that these 
lrawbacks were insignificant in the present case. 

Since the components in the xenon-ether counter give heavier ions than those 
f an argon-ether tube, the dead-time of the former must be expected to be longer. 
"he mean value of the dead-time measured on four occasions with newly filled tubes 
vas (9.7 +0.8) 10-* seconds. 

The life-time of the xenon-ether tube is comparable with that of the argon-alcohol 
ube, provided ether-absorbing substances are eliminated. When the counter died, 
t had to be taken apart for cleaning of the cathode and changing of the wire. Re- 
illing of uncleaned counters is not advisable, since the discharges lead to formation 
f heavy hydrocarbons which are deposited on the walls of the tube [cf. FARMER & 
3RowN 1948]. An interesting corroboration of this was given by a double-counter 
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1300 "4600 1500 1600 1700 Volts 


Fig. 11. The plateau curve of the Geiger counter filled with 75 mm xenon and 12 mm ethyl ether 


used for the first determinations. The counter consisted of two single tubes coupled 
together with parallel anodes and with the gas in common. The incident radiation 
was perpendicular to the anode wires. When the tube subjected to the most intense 
radiation died, the other tube still had a perfectly good plateau, despite the fact 
that the gas mixture was common to them both. 

A quenching circuit of Neher-Pickering type was used [NEHER & PICKERING 
1938], and the pulses were recorded by a scale-of-64 and a Cenco mechanical high- 
impedance counter. The resolving time of the scaler was some microseconds. The 
scaler and the quenching circuit were supplied by the Atomic Instrument Company 
(Models 101-A and 203). 

The mounting of the Geiger counter in the spectrometer is shown in Fig. 10. 


D. The pumps and evacuation system 


The high vacuum was obtained with a three-stage oil diffusion pump, preceded 
by a mechanical pump and booster diffusion pump. The high-vacuum pump con- 
tained octoil-S and the booster pump silicone oil (DC 703). The final vacuum was 
10-° mm Hg, the booster pump by itself giving 2.10-5 mm. 

Both the diffusion pumps were kept constantly under vacuum. The spectrometer 
was evacuated to a few thousandths of a mm Hg by the mechanical pump, by- 
passing the diffusion pumps. The final pump was used only with high vacua (pressure 
less than 10-* mm Hg). 

Backstreaming of oil vapour from diffusion pumps is a well known fact [cf. Parrarr 
& Jossem 1952]. It was absolutely essential that this phenomenon was completely 
prevented in the present investigation, to which end the system of traps shown in 
Fig. 12 was introduced. These traps lowered the pumping rate to some extent, 
but this was not inconvenient as the main factor determining the time of evacuation 
was the slow degassing of the spectrometer. 

The final pump is G in Fig. 12. The water-cooled copper baffles at F were a sufficient 
barrier to oil vapour to prevent visible deposition of oil on the surface above them. 
The final obstruction to backstreaming oil vapour was the liquid air trap E, the 
lower end of which was surrounded by charcoal. 
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Fig. 12. Diagram of the high-vacuum system. 


A —outer jacket of the liquid-air cooled charcoal 
trap. — A copper cooling cylinder is att ached 
during the degassing of the charcoal. 

B —sparking plug connection to the heating coil 
of the charcoal trap. 

G@ —the charcoal trap. A heating coil of Kanthal? 
wire forms the outer wall, a wide-meshed 
metal net the bottom, while a sheet of mica 
insulates the charcoal from the nickel silver 
tube E. 


1 An alloy consisting of iron, chromium, 
Hallstahammar, Sweden. 


D —connection to an ionisation gauge. 

E ~nickel silver liquid air trap. 

F —top of the diffusion pump G, with water-cooled 
baffles for the condensation of oil vapour. 

G@ —3-stage oil diffusion pump (VMF-260, Distilla- 
tion Products, Inc.). 

H and I -connections to the X-ray tube and the 
spectrometer respectively. 


aluminium and cobalt, manufactured by AB. Kanthal, 
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Degassed charcoal is ‘a powerful gas absorbent even at room temperature, and. at 
the temperature of liquid oxygen it is an ideal pump with an almost infinite pumping 
rate. F ; 

The charcoal was degassed at no more than 200° C, as it was not desirable to heat 
nearby rubber joints to .a higher temperature. The degassing was not found to be 
ineffective, however. The final pump was not in operation during degassing of the 
charcoal, because of the inferior vacuum conditions prevailing, and the booster pump 
with its more resistive oil pumped by itself. 

The spectrometer and X-ray tube were evacuated simultaneously via the two 
connections I and H in Fig. 12. There was a second liquid air trap in the connection 
to the X-ray tube, to prevent organic vapours from the spectrometer from reaching 
the X-ray tube. The above system of traps provided a vacuum completely free 
from organic vapours. This was demonstrated by the fact that a water-cooled chro- 
mium target showed no colour change of the focal spot after a test run of ten 
hours. 

The vacuum system also included two vacuum-meter tubes: one for the Pirani 
gauge, type SER, VM4, range 1-10-4 mm Hg, measuring the forevacuum, and one 
for the ionisation gauge, type Standard 4101-D, attached directly to the X-ray tube. 
The latter had been removed from its glass envelope and mounted in a brass chamber 
with a large opening into the X-ray tube (Fig. 2). 

In making the preparations for an excitation curve, the apparatus was evacuated 
as follows: — 

(1) The mechanical pump evacuated the spectrometer from atmospheric pressure 
down to the pump’s limiting vacuum. 

(2) The spectrometer was shut off from the rest of the vacuum system and left 
for 12-18 hrs., to remove occluded gases from its inner surfaces. 

The booster pump was started, and the current through the heating coil of the 
charcoal trap switched on. The charcoal had to be kept at 200° for 6-10 hours. 

(3) The degassed spectrometer was evacuated with the booster pump. The high- 
vacuum pump was started and the heating current of the charcoal trap switched off. 

(4) When the ionisation gauge indicated 10-5 mm Hg, the charcoal trap was 
filled with liquid oxygen. 

(5) After some jhours of pumping with the high-vacuum pump, the X-ray tube 
was put into operation. 

(6) The application of the cathode heating current and the anode voltage of the 
X-ray tube was accompanied by an increase in pressure, especially when the spectro- 
meter had been opened prior to evacuation. When the degassing of the various 
parts of the X-ray tube was complete (see the description of the X-ray tube), the 
cooling trap of the X-ray tube was filled with liquid oxygen. The actual measure- 
ments then commenced. 


E. The high voltage equipment 


The circuit diagram of the high-voltage set is shown in Fig. 13. The primary 
voltage of the Greinacher rectifying circuit was stabilised with an a.c. voltage 
stabiliser (Philips GM 444), and was regulated with an autotransformer and rheostats. 
The high-voltage transformer delivered 10 kV with a primary voltage of 220. 

The rectified voltage was filtered in a smoothing circuit according to OHLIN 
[1941]. A pulse in the rectified high-voltage passes via the condenser C3 to the triode 
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Kectitier 


Fig. 13. Circuit diagram. 


The section to the left is the Greinacher rectifying circuit, in the middle the smoothing circuit, and to 
the right the precision potentiometer, the rectifier for additional voltages, the filament heating circuit 
and the X-ray tube. 


V1, V2—Philips rectifier valves DA 7/700. R1-50kQ. 

V3 — Philips amplifier valve 4650. R2—100 kQ. 

V4 — Marconi transmitting valve MT-4. R3 - 0.5 MQ. 

P —Cetron photocell 1 V AB. R4—1MQ + 0.1 MO + 5 kQ, disconnectible. 
T — Philips current regulator 1928. R5-10Q. 

N1, N2 — Philips neon lamps 4378. R6 — 2500 Q. 

Bi, B2, B4—dry batteries, 150-200 volts. Cl, C2—2.3 uF. 

B3 — grid battery, 8-16 volts. C3 - 0.1 uF. 

B5—lead accumulator, 12V, 120 amp. hrs. X — X-ray tube. 

B6 —lead accumulator, 30V, 160 amp. hrs. S — electrostatic voltmeter. 


r — Wolff precision resistor box. 
R —manganin-wire resistors: 


Four Siemens-Halske prec. resistors of 1/2 MQ, max. 10 mA. 
Eight Siemens » » of 1/4 MQ, max. 3 mA. 
One Pye precision resistor of 1 MQ, max. 2 mA. 


Hi — Nife cell, 15 amp. hrs. 

Galv — Moll galvanometer, Kipp & Zonen, type O (Period undamped 1.3 secs.). 

Voltmeter, 0-75 V — Roller-Smith precision instument, type NPD. 

Rectifier — rectifier circuit with high tension insulation, 600 V/200 mA (Schonander, Stockholm). 
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V4, where it is inverted and amplified, and reaches the grid of the pentode V3 with 
a phase and amplitude such that the original voltage pulse is compensated by the 
change in the anode voltage of the pentode. 

Leakage in the condenser C3 is compensated by the photocell P, which acts as 
a counter-leak. This counter-leak was automatically controlled by the galvanometer 
in the potentiometer circuit, the photocell being illuminated by a band of light re- 
flected from the galvanometer mirror. The galvanometer was adjusted so that this 
light band covered the border of the photocell in the zero position [von FRrmsEN 
1935]. 

the following relation between variations in the input voltage (d V,) and the output 
voltage (d V) may be derived from the value of the resistor R2 and data for the valves 
in the circuit [Onin 1941]: dV = (dV,/4000)—6d/, where J is the output current 
in amps. The ripple of the smoothed output was measured with a cathode ray oscil- 
lograph. It had the form of a somewhat distorted sine wave. The peak-to-peak 
voltage at V =6kV and J = 0.02 A was 0.08 V, approximately equal to the value ob- 
tained from the formula. 

The variable additional voltage was obtained from a rectifying circuit floating 
at the basic high voltage. The primary voltage for this circuit was taken from the 
a.c. stabiliser mentioned above. The output voltage was regulated by means ofa 
potentiometer coupling with coarse and fine adjustments. The smoothing section 
eliminated ripple entirely, within the limits of measurement. 


Chapter III. The intensity of the spectrometer 


The recorded intensity in the spectrometer depended on (1) the current density 
in focus, (2) the form of the focal spot, (3) the distance between target and crystal, 
(4) the reflection intensity of the crystal plane, (5) the size of the reflecting surface, 
(6) the slit width and (7) the efficiency of the detector. 

The current density in focus. This was regulated by the cathode emission as the 
size of the focal spot was almost constant. A current of 20-25 mA was generally 
used. This value of the current was near the available maximum because of the short 
emitting section of the filament. With a wider diaphragm in front of the filament 
the available emission could have been increased but this would decrease the homo- 
geneity of the electron beam. 

The form of the focal spot. The focus of the X-ray tube should have such a form and 
position that the entire crystal opening is filled with radiation. The entering X-rays 
must strike the different parts of the crystal in such directions that reflection is 
possible according to the Bragg law. The beams capable of reflection have an intersec- 
tion point (real or virtual) on the Rowland cricle. It is a wellknown condition for 
high intensity that the focal spot fills the entire extension between the two chords 
from the intersection point mentioned to the ends of the crystal opening. This 
condition is automatically fulfilled in the actual X-ray tube as the intensity is ad- 
justed to the optimum value by regulation of the current in the magnetic focusing 
lens. The length of the focus was 6 mm (Chapter I). The height was determined by 
the oscillating motion of the electron beam. The alternating current in the deflection 
coils was regulated to give the focus a width on the target of 3 mm, corresponding to 
a vertical height of 1 mm. Thus the vertical projection of the focal spot had dimensions 
agreeing well with the projection of the crystal opening. 
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The distance between the target and crystal. Acc. to Jonann the intensity will in- 
rease if the target is brought towards the crystal. At the same time a larger focal 
spot can be used, which is often advantageous. A tendency has therefore occurred 
4 nt the target-crystal distance short. In the actual case this distance was 

-15 cm. 

Lately Broeren, however, has critizised this tendency on theoretical grounds and 
ae has obtained preliminary experimental support for his ideas [to be published]. 
The opinion of Brocren is that the target should have a position near the above 
nentioned intersection point. A radiating surface element near this point would 
ill the entire crystal opening with radiation able to be reflected. If the surface element 
$ moved towards the crystal only a very small angular width is reflected according 
(0 the diffraction theory of Darwin, Ewald and Prins [Compron and ALLISON 1935, 
SIEGBAHN 1931]. 

The reflection intensity of the crystal plane. See IncEtstram [1939]. 

The size of the reflecting surface. The bent crystals could be used without limiting 
jhe opening to prevent occurrence of ‘‘ghosts”. Unfortunately the height of the crystal 
ypening was small (1.5-2 mm) and could have been increased in order to gain inten- 
sity. The intensity gain with increased reflecting surface is obtained at the price 
yf spectral resolution [cf. SanpstR6m 1935]. An excitation curve, however, refers 
0 a volt scale and to voltage resolution and spectral focusing defects only cause a 
lecrease of the ratio of the characteristic intensity to the continuous background. 
[his independence of the excitation curve in relation to focusing defects is founded 
yn the following suppositions: (1) that the asymmetry of the spectral line is independ- 
ant of the excitation voltage (and thus the excitation curve at the long wavelength 
ide similar to that at the short wavelength side) and (2) that the continuous back- 
yround has a constant slope. The first supposition is fulfilled as long as the voltage 
s not high enough to cause double ionization by direct electron impact. The second 
sondition will be considered in Capter IV. 

The slit width. The slit width was chosen equal to the width at half-maximum 
ntensity of the spectral lines. Because of the form of the spectral lines that is the 
yptimal slit width. A smaller slit would only change the ratio between characteris- 
ic and continuous radiation to a negligible degree. In an artificial way this ratio 
ould, however, be considerably increased by using target metal in the form of thin 
ayers on beryllium base. See Chapter VI (A). 

The detector. The detector should have an efficiency of 100%. This is almost realized 
vith the present xenon-ether counters. See Chapter II (C). 


Chapter IV. Recordings with the spectrometer 
A. Adjustment 


The electron beam was brought to bear on the centre of the target by means of 
he adjusting screws on the focusing lens. The tungsten cathode was turned to a 
yosition in which the elongated focal spot was put in the horizontal plane and at 
ight angles to the target-crystal direction. Fluorescent material was applied to 
he target for this purpose. 

The crystal was adjusted so that its cylindrical reflecting surface was parallel to 
he axis of rotation of the crystal table. The crystal was then moved horizontally 
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Fig. 14. The intensity distribution of the Cr lines, plotted against the readings of the micrometer 
screw. 


until this axis coincided with the surface of the crystal. The end sections, if not as 
accurately bent as the rest, could be screened by the knife-edge so that sharp spectral 
lines were obtained. Further details regarding the adjustment of a concave crystal 
spectrometer may be obtained from the appropriate literature [e.g. SANDSTROM 
1935]. 

The crystal was moved along the spectrometer track (Fig. 1) until the incident 
beam could fill the whole of the reflecting surface. The slit was adjusted on to the 
Rowland circle and arranged to be moved along the tangent. Then the slit opening 
was made parallel to the X-ray line. The latter adjustment was carried out with the 
aid of a photographic plate. The distances on the plate between the X-ray line and 
the opposite ends of the slit were measured with a comparator. The largest distance 
difference tolerated was 0.005 mm. This maximum allowance corresponds to between 
1 and 4% of the slit width used for the recordings of the excitation curves. The 
length of the slit was 8 mm. 

The Geiger counter being mounted and its position adjusted, a profile curve of 
the X-ray line in question was plotted. The sht-width was about 0.02 mm during these 


Table 1. 


Full width of the Slit width 
Element X-ray line st half ooo ee ee) 
and X-ray | maximum intensity | Actual | Along the tangent 
eS a Sa 


line SS 
mm volts mm mm volts 
Ti Ka, 0.352 3.6 0.140 0.341 3.5. 
Crises 0.640 2.2 0.540 0.640 yey? 
Cr KB, 0.628 3.1 0.400 0.520 2.6 
Fe Ka, 0.500 3.1 0.350 0.490 oll 
Co Ka, 0.348 2.7 0.210 0.318 2.5 
Ni Ka, 0.292 2.8 0.170 0.278 2.6 
Cu Ka, 0.240 2.8 0.136 0.239 2.8 
SE eee |) eee 
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| 
determinations. Fig. 14 shows the intensity distribution of the chromium lines con- 
sidered, plotted against the reading of the micrometer screw. 

The width and position of the slit were adjusted in accordance with the profile 
curve. Line breadths and slit-widths are given in Table 1. The half-maximum breadth 
in Fig. 14 is marked by a horizontal line, and the adjusted positions of the slit edges 
with arrows. 


B. Procedure 


The vacuum requirements and evacuation procedure have already been treated 
in the description of the evacuation system and X-ray tube. A check had to be made 
to ensure that degassing was complete before proceeding with measurements. When 
conditions in the X-ray tube had become stationary as regards temperature, heating 
current and emission, the Geiger counter was set in operation. The optimum focusing 
current and the invariability of the intensity with the oscillation current were 
tested before each series of determinations. 

Before commencing with evaporation on to the target, the intensity of the X-ray 
beam was measured for the additional voltages v = 0 and 75 V. The potentiometer 
circuit was usually adjusted for an excitation potential in the v range between 15 and 
25 V. The first series of determinations were made with an evaporated layer on a target 
base of a foreign metal (Be or Cu). Evaporation was performed in 5 minute stages, and 
the attainment of the thinnest layer functioning as a thick target was determined 
by measuring the intensity increase at 0 and 75 V between each evaporation period. 
Only one measurement was required with a target base of different atomic number, 
since the furnace conditions were completely reproducible. A layer four or five 
times as thick as the minimum layer was evaporated on to the target, to make quite 
sure of a pure target, and particular attention was paid to the vacuum gauges 
during the final stages of evaporation, to see that the pressure did not rise (cf. 
Chapter I.). 

It was important to know for each element and temperature the longest bombard- 
ment time compatible with no appreciable oxidation of the target surface. This 
time was first estimated by visual examination of the target, and later, when signs 
of oxidation had been identified in sensitive parts of the excitation curves, with 
the help of these curves. 

The maximum times thus determined for normal targets were not sufficiently 
long to permit uninterrupted measurements of the complete K excitation curve. 
The curve therefore had to be divided up into two, three or four sections, the target 
surface being renewed between the different sections. It was later possible to combine 
these sections to a complete curve. Since minor displacements might possibly occur 
between the different sections, the ends of these sections should overlap. The intensity 
at a certain voltage point was calculated from the time for 50 x 64 or 100 x 64 pulses, 
this time being converted to counts per minute with the dead-time of the Geiger 
counter taken as 3.0 secs. per 3200 counts. Between one and five such determina- 
tions were made for each voltage value. The total number of pulses per point depended 
on (1) the time available for the curve section concerned, (2) the risk of external electric 
disturbances, and (3) the statistical resolution required. The number of pulses given 
in Tables 20-22, and the standard deviation indicated in the figures, is an average 
value for the entire curve. The voltage interval between the points was 1, 1/2 or 
1/4 volt, according to the circumstances. The cobalt curve of Fig. 34 provides a 
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Absolute volts 
040 5985 5990 5995 6000 aXe 


5970 F980 5990 6000 


Absolute volts 


Fig. 15. Excitation curve of Cr Ka,. Mean of Nos. 14 and 15, Table 7. 


The upper curve shows an enlarged section of the lower one. The 
correction. 

The separate X.U. scale in this and the fo 
h/e = 1.3793 - 1071” erg, sec/e.s.u. 


voltage scale includes the work function 


lowing figures is calculated from the absolute-volt scale, with 
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Counts per 
minute 


(J) 


absolute volis (V) 


. Fig. 16. The general appearance of the excitation curves, and the notation used. 


diagrammatic illustration of the procedure in determining an excitation curve in 
two sections. 

The occasional displacement in the intensity level which was mentioned above 
might conceivably be explained by (1) changes in the target or the window foil 
during evaporation, (2) slow change of the efficiency of the Geiger counter, or 
(3) gradually increasing contamination of the target. The effect of (2) was eliminated 
by taking series with decreasing voltages as well as with increasing voltages. A 
check was made on (3) by means of one or two “standard points” on horizontal 
parts of the curve, which were measured before and after a series of determinations, 
When displacement of a section was observed, the curve was regarded as suspect. 

Fig. 15 shows a chromium curve taken at a temperature of 1000-1100° C. There 
is a clearly marked plateau before the definite increase in intensity. 

The wavelength scale included with the curves is calculated from the relation 
hce/A=eV, with c =299790 km/sec. [BearpDEN & Warts 1951], h/e = 1.3793.10-”” 
arg. sec./e.s.u. [BEARDEN & Warts 1951], and the conversion factor for kX units 
to Angstrém units = 1.00202 [Brace 1947]. 

An interesting structural detail was discovered at the foot of the excitation curve 
for normal target temperatures. Its disappearance at the higher temperatures may 
be due to insufficient resolution — but there are presumably other more fundamental 
causes as well (See Chapter VI). The essential features of the excitation curves 
ure illustrated diagrammatically by Fig. 16. The voltages and intensities given in the 
tables refer to this model and the notation used there. The model is most appropriate 
for chromium and titanium; for other metals, the respective figures give an idea 
of how close the resemblance is. 

The sections OS, RP and PQ have usually been drawn as straight lines. Strictly 
speaking, this is true only for the intensity in the section OS. Both RP and PQ 
orobably have a fine structure which the number of pulses counted was too low to 
reveal. See Fig. 39, however. 
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Apart from the zero level of the Geiger counter (80 counts/ min.), the background 
is due to the continuous radiation. The intensity distribution of this radiation from a 
thick target was investigated by KULENKAMPFF [1922]. He showed that when the 
voltage applied to the X-ray tube is constant, the continuous intensity is a linear 
function of the frequency (apart from an interval near the short wavelength limit), 
Estimation based on Kulenkampff’s results shows that the background of the ex- 
citation curves for the elements considered increases about 0.1 % per volt. 

The standard deviation (the square root of number of pulses per point) shown in 
the figures, refers to the intensity where it is drawn. 


Chapter V. Measurement of the high voltage 
A. The potentiometer circuit 


This circuit is shown to the right in Fig. 13. The smoothed high voltage measured 
by the precision potentiometer is 


Vicetanate's 


The resistances R and r are described under Fig. 13. They had a low temperature 
coefficient (of the order of 10-° deg.-1), being made of manganin wire. The temperature 
coefficient of the Nife cell is about ten times as high, but at constant temperature 
its emf E is very stable, because of the low self-discharge of the alkali accumulator. 

The resistances in the potentiometer circuit were measured with a Wolff precision 
bridge. The emf of the Nife cell was measured by comparison with a standard cell, 
using a Wolff potentiometer. 

The laboratory temperature was kept constant with the aid of thermostats. The 
temperature variation of the Nife cell was not allowed to exceed 0.2° during a 
series of determinations. 

The additional voltage v was measured with a Roller-Smith voltmeter, which was 
calibrated with a bridge against a standard cell. 

Certain corrections AV had to be applied to the calculated voltage Vr.,. If the 
corrected voltage is denoted by V5, the following expression is obtained for V, the 
voltage corresponding to the electron energy at the target:— 


V=V,+, where V, = Vanir +AV. 


The voltages are expressed in absolute volts, unless otherwise stated. The Wolff 
bridge was graduated in international ohms, so resistances are given in that unit. 


B. The potentiometer resistances 


The Wolff bridge had a guaranteed accuracy of 0.01 % at 20° C. 

Readings were made for several consecutive bridge positions in the neighbourhood 
of the galvanometer zero, The same series was then measured with reversed bridge 
current, after which the resistance value was determined graphically. 
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Table 2. Measurements of the precision resistance R. 


Date R (int. ohm) Leen 
13.3.48 3 968 620 
4.7.49 3 968 790 
16.3.50 3 968 520 
14.8.50 3 968 840 3 968 690 
24.8.50 3 719 960 
27.2.51 3 719 690 3 719 820 
13.4.51 4 964 780 
28.8.52 4 964 940 4 964 860 
28.8.52 4 960 930 
23.10.52 4 960 790 4 960 860 


Table 3. The potentiometer resistances. 


Nos. r (int. ohm) F& (int. ohm) 


Ti Ka, 1-10 1 288.30 4 960 860 
Cr Ka, 1 845.78 3 968 690 
2- 6 840.78 3 968 690 
(eo 870.78 3 968 690 
9-19 815.78 3719 820 
20 1 083.33 4 964 860 
21-23 1 066.33 4 960 860 
Cr KG, 24 1 072.35 4 964 860 
25 1 082.34 4 964 860 
Fe Ka, 1-5 897.76 4 960 860 
Co Ka, 1-5 828.76 4 964 860 
Ni Ka, 1 767.78 4 964 860 
2-4 765.78 4 960 860 
Cu Ka, 1-5 713.79 4 964 860 


The large resistance R was divided up into 1/2 MOQ sections for measurement. 
The 1000:10 ratio of the Wolff bridge was used for this measurement, whereas the 
1000 : 1000 ratio was used for the resistance 7. It was therefore necessary to determine 
she relationship between these two ratios. The 1000:10 ratio gave a higher value 
shan the 1000: 1000, the factor involved being 1.00018 + 0.00004. Table 2 summarises 
she measurements of R. The values given have been corrected with the above factor. 
[able 3 gives details of the potentiometer resistances used for the various determina- 


lons. 
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Table 4a. 
Cell Nowa. oat entecs LN 363896 LN 363923 L 215790 Mean 
Date of certificate ... 13.5.47 13.5.47 30.7.47 SSS SS 
Certified int. volts... 1.01896 1.01892 1.01826 Int. volts Abs. volts 
April 1948 ..........6 1.01822 1.01822 1.01856 
Nov. L948 Ae aeons 1.01821 1.01822 1.01823 1.01822 1.01856 
April 1949 ..s....... 1.01823 1.01824 1.01824 1.01824 1.01858 
Table 4b. 
CeleNovien ste. aie L 265 648 L 265 694 M 163417 M 164214 Mean 
Date of certificate ... 23.8.50 23.8.50 31.7.50 1.9.50 (ab its) 
Certified abs. volts... 1.01856 1.01857 1.01864 1.01858 &bS8. VOItS 
Par a a a ee a 
April) 195 lene. a 1.01862 1.01857 1.01854 1.01850 1.01856 
Novae LOD Direc tee 1.01866 1.01859 1.01855 1.01849 1.01857 
March 1952.......... (1.01870) 1.01860 1.01856 1.01851 1.01856 
JUNE LIS 2 rcs (1.01874) 1.01861 1.01856 1.01850 1.01856 
Sept. 1952.......... 1.01862 1.01855 1.01849 1.01855 


en ae et ee ee ee 

Table 4a and b. Comparison between the Pye 58946 cell and various new Weston ele- 
ments at the Institute of Physics. The tables give the emf at 20°C of Pye 58946 in the 
same unit system as the corresponding certificate. In the mean column of Table a, the con- 
version factor between absolute and international volts is 1.00033. [DuMonp & CoHEN 1948.] 
LN = Leeds & Northrup Co. L= Cambridge Instrument Co. M = Muirhead and Co. 


C. The emf of the Nife cell 


The Nife cell was compared before and after each series of determinations with 
Weston cell L-215790, which served as secondary standard cell. The primary standard 
was the Pye 58946 cell, manufactured in 1936 and with a certified emf at 20° C of 
1.0182 int. volts. This cell was frequently compared with new Weston cells; the results 
of the comparisons are given in Tables 4a and b. The same cell was used by OHLIN 
in 1940 [cf. OHLIN 1941], and since then the emf has remained constant within the 
limits of measurement. A twin cell, Pye 58947, has remained equally invariable, the 
largest measured difference between the two being 2.10-5 V. The potential assigned 
to the Pye 58946 cell in all calculations was 1.01856 absolute volts. 

The mean value of E for each series of determinations is given in the tables of the 
excitation potentials. It was not possible to avoid a slight increase in the temperature 
of the Nife cell, which meant a decrease in its emf, but the difference between the 
initial and final values was less than 5- 10-5 V, except in a few cases. 


D. Voltage corrections applied 
1. The cathode potential 


The cathode potential was zero for the oxide cathode. Most of the determinations 
were made with the tungsten cathode, however. Only a short central section of the 
tungsten filament emitted electrons, and the mean potential Ue of this section was 
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24 Cr Ka, 


1000 C 


3000 


10 15 20 Volts 2 


Fig. 17. Voltage displacement resulting from a change in the sign of the cathode potential. 
a—negative filament, b — positive filament. 


Table 5. The potential v. of the tungsten cathode. 


Ti Cr Cu 
Point determined (Fig. 16) ............ss.s08- h S S 
Filament voltage vj ....-..- +00 sees eee e ee eees 1.99 aA 1.76 
v, negative (v volts) ......-.. +e eee e eee sees 20.1 19.1 35.7 
v; positive (v volts) ....... + eee e eee eee eee 22.3 21.1 37.8 
Voltagesdisplacoment. 27... . scene cee ree nes 2.2 2.0 2.1 
Cathode potential v, (v; neg.) .-.+-++-+++ +++ eee cao iE -—1.0 — 1.0, 


determined by reversing the potential of the unearthed end of the filament. The 
displacement of the curve due to this reversal should be 2v,. Table 5 and Fig. 17. 
The filament was normally negative with respect to earth. 


2. The temperature effect of the manganin resistors 


The current through the resistors R was of the order of 10-5 A during measurements 
with the Wolff bridge. But for the excitation determinations the current was 1-2 mA. 
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Fig. 18. Voltage corrections for the temperature effect in the resistance R (4 964 860 Q), 


O —observed values of AR/R. @ - voltage corrections (vp). 


The resistance correction for the consequent temperature change was determined 
in the following manner. Currents of 0.9 and 2.0 mA were sent through the resistors, 
and the resistance then measured several times at 5 min. intervals. Extrapolation 
to time zero gave the values of AR/R in Fig. 18. The corresponding voltage correc- 
tions are given by the unbroken line. 


3. Mean thermal energy of the emitted electrons 


When electrons leave the surface of the cathode, they have an initial thermal 
energy distribution which approximately obeys Maxwell’s distribution law [see, for 
instance, HERRMANN & WaGENER 1943]. The mean energy in the direction normal 
to the emitting surface, vy, is calculated from the formula vy = kT, where k is Boltz- 
manns constant (=0.86- 10-4 eV/deg.) and 7 the absolute temperature. 7 may be 
taken as 2400° K for the tungsten cathode, and 1200° K for the oxide cathode. The 
corresponding values of vy are 0.2 and 0.1 eV. 

A summary of the corrections described above is given for Ti and Cr in Table 6 a. 


EK. The work function 
1. Introduction 


The work function of a metal signifies the energy required to lift an electron 
from the Fermi level in the conduction band to a point just outside the metal’s 
surface. The work function is due to image forces and the electrostatic double layer 
at the surface. 

If two metals at the same temperature are electrically connected, the number 
of electrons passing from one metal to the other in unit time, as well as their velocity 


544 


ARKIV FOR Fysik. Bd 6 nr 49 


Table 6a. Voltage corrections for Ti and Cr with the work function omitted. 


Nos. Cathode | OF | UR OM AV* 

Ti 1-4, 8-9 W Iai —0.1 0.2 caked 
5-7, 10 oxide 0 —0.1 0.1 0 

Cr 4— 6 W 22) = 0.4. 0:2 + 2.0 

13-18 W 1.0 a=) 0.2 +0.8 

19 W 1.1 — 0.4 0.2 + 0.9 

20, 22-25 W 1.1 —0:2 0.2 + 1.1 

21 W 12 — 0.2 0.2 Sela 

1-3, 7-12 oxide 0 — 0.4 0.1 (3 


[able 66. Voltage corrections for 22 Ti-29 Cu. Tungsten cathode. Work func- 
tion included. 


Nos. |v, | OR Ou Up AV 

Au 1-4, 8-9 1.1 -—0.1 0.2 4.5 + 5.7 
Cr 22-25 ila — 0.2 0.2 4.5 + 5.6 
21 1.2 — 0.2 0.2 4.5 Od 

Fe 1-4 ed — 0.3 0.2 4.5 + 5.5 
5 1.0 — 0.3 2 4.5 + 5.4 

Co 1-5 Wo — 0.4 0.2 4.5 + 5.4 
Ni 1-4 Ut! — 0.5 0.2 4.5 + 5.3 
Cu 1, 4, 5 1.0 — 0.6 0.2 4.5 Oe 
2, 3 1.1 — 0.6 0.2 4.5 + 5.2 


Table 6a and b. The voltage corrections. 

v, = cathode potential. The filament voltage 1, was between — 1.70 and — 2.10 volts, with 
he exception of Nos. 4-6, Cr, where we — 3.6 volts. 

Up = voltage correction for the temperature effect in the resistance R (Fig. 18). 

Vy = mean thermal energy of the emitted electrons. 

vm = work function correction. 
- AV = |v,|—|vp|+vy+ vp = the total correction to be applied to Vp,,. 

AV* =the total correction to be applied to Vp, with the work function correction 
mitted. 

Vg T ENV Vane 

Vig AVA — Ve. 
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distribution, must be equal in opposite directions. This means that the Fermi levels 
of the two metals are shifted to the same potential. An external potential difference 
— the Volta potential — therefore arises, as may be confirmed experimentally. 

If we suppose that the two metals are the cathode and anticathode of an X-ray 
tube, whose applied voltage we for the moment put equal to zero, it follows from what 
has been said above (1) that only electrons with thermal energy greater than the 
cathode’s work function can leave its surface and reach the interelectrode vacuum, 
and (2) that if such an electron happens to reach the target, it delivers up the same 
maximum energy as if it had happened to return to the cathode — i.e. an energy 
equal to the cathode’s work function. 

But if the cathode and anticathode are now separated by an electromotive force, 
the energy corresponding to this force will be added to the work function energy. 
The total kinetic energy of an electron striking the target is therefore the sum of 
the potential difference between the Fermi levels and the cathode’s work function. 
As the potential difference between the Fermi levels is the quantity measured by a 
voltmeter, the work function must be a further necessary correction. 

OHLIN [1941], in his determination of h/e by an X-ray method, obtained results 
which cast doubt on the necessity for the work function correction. OHLIN determined 
the minimum anode-cathode voltage V which could produce X-radiation of wavelength 
A. The relation he/A=eV implies that for a constant wavelength, h/e should be 
proportional to the voltage V. Ouxrn carried out his determinations in the range 
3000-5000 V, where the work function would mean a correction of about 0.1 %. 
This correction is much larger than the obtained reproducibility (+ 0.02 %). When 
OHLIN corrected his voltage values V with the work function, a definite drift appeared 
in the results. Without the correction, the individual results had a normal statistical 
distribution about a mean. For this reason, and on account of the precision with which 
he had made all measurements, he drew the understandable conclusion that the theory 
was incorrect on this point, and rejected the correction. 

OHLIN’s results gave rise to a discussion which may be described as still unsettled 
[Panorsky, Green & DuMonp 1942, Outrn 1942, DuMonp 1947 and 1948, DuMonp 
& Conen 1948, Brarpen & Scuwarz 1950, BEARDEN, JoHNSON & Warts 1951). 
Two papers are of special interest:— OHLIN [1942 b] and BrarpEN, JoHNSON 
& Warts [1951]. Both contain a comparison of voltage determinations for the 
high frequency limit of the continuous X-ray spectrum with oxide and tungsten 
cathodes. OxnLIn found that the values obtained with tungsten target and tung- 
sten filament closely agreed with those obtained with oxide cathodes and dif- 
ferent target substances. BEARDEN, JoHNSON & Warts, however, observed a 
difference of 3V, corresponding to the difference in work function between the 
two cathodes used. This difference is 0.03% of their total voltage (10 kV), and 
the probable error given is +0,003 Dos 


2. Measurements and discussion 


Since it is possible to determine h/e from measurements of excitation poten- 
tials, the problem of the work function correction also appears in the present in- 
vestigation. The phenomena concerned are, however, different, involving different 
excitation processes, and consequently a rule for one may not be valid for the other. 
It was therefore necessary to make a new enquiry into the question of the work 
function correction in the case of K excitation, regardless of previously published 
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Temperature: 1000°—1 100° C. 


mean Vater | VS S | H | R | = 
Oxide- 1 1.26660 5 944.6 5944.3 || 5985.6 5 987.0 5 988.3 5 994.9 
coated 2 1.26017 | 5949.6 5 949.3 || 5985.2 5 986.7 5 988.1 5 993.9 
cathode 3 1.26016 5 949.5 5949.2 || 5985.1 5 986.6 5 988.1 5 993.9 
Mean, abs. volts | 5985.3 | 5986.8 | 5988.2 | 6 5994.2 

cee et ae a ta a a PO (eae 

Tungsten 4 1.25913 5 944.7 5 946.7 1 5 982.3 5 983.7 5 985.1 5 991.4 
cathode 5 1.25913 5 944.7 5 946.7 5 982.3 5 983.7 5 985.0 5 991.2 

6 1.25853 | 5941.8 5 943.8 || 5 982.7 = = aS 

13 1.30733 5 962.5 5 963.3 || 5 5 982.4 5 983.8 5 985.2 = 
14 1.30727 5 962.2 5 963.0 || 5 982.0 5 983.6 5 985.2 5 990.4 
15 1.30733 5 962.5 5 963.3 || 5 982.1 5 983.4 5 984.7 5 990.8 
Mean, abs. volts | 5982.3 | 5983.6 | 5985.0 | 5991.0 

7 | ‘ 

Voxiae— Vw | pe | 32 | se | a2 | 3.2 | 3.2 

Anticathode: Chromium plate, supported on a molybdenum pin (Fig. 7 a). 
The work function correction is omitted in this table. 
Table 8. CrK«a,. 

aA av aSc ees [a 
Oxide- a 1.30969 | 5 970.4 5 970.1 5 985.8 5 987.5 5 989.1 5 995.5 
coated 8 1.30965 | 5 970.2 5 969.9 5 985.9 5 987.4 5 988.9 5 995.3 
cathode 9 |. 1.80707 | 5 961.3 5961.0 | 5985.5 5 986.8 5 988.0 5 994.2 
10 1.30716 | 5 961.7 5 961.4 5 985.8 5 987.2 5 988.5 5 995.2 
1] 1.30727 | 5 962.2 5 961.9 5 985.8 5 987.2 5 988.7 5995.1 
12 1.30731 | 5 962.4 5 962.1 5 985.8 5 987.3 5988.7 | 5995.4 


Mean, abs. volts 


5 985.8 | 5 987.2 | 5 988.7 | 5995.1 


 ——— 


Tungsten | 16 | 1.30735 | 5962.6 | 5963.4 | 5983.5 | 5984.8 | 5986.1 | 5992.6 
cathode 17 | 1.30735 | 5962.6 | 5963.4 | 5983.4 | 5984.9 | 5986.4 | 5992.8 
18 | 1.30707 | 5961.3 | 5962.1 | 5982.8 | 5984.5 | 59862 | 5991.8 

i9 | 1.30662 | 5959.3 | 5960.2 | 5982.9 | 5984.4 | 5985.9 | 5993.1 

20 | 1.29837 | 5951.7 | 5952.8 | 5983:6 | 5985.1 | 5986.6 | 5993.4 

21 | 1.28189 | 5965.0 | 5966.2 | 5983.3 | 5984.9 | 5986.4 | 5992.5 

92 | 1.28187 | 5964.9 | 5966.0 | 5983.5 | 5985.0 | 5986.4 | 5992.5 

Mean, abs. volts || 5983.3 | 5 984.8 | 5 986.3 | 5 992.7 

runes ok 1S ee a eh ee ee ee ee 


V oxide V Ww 


Anticathode: 


Nos. 7-12, 16-19. Chromium-electroplated copper. 


Nos. 20-22, Chromium, evaporation deposit on copper. 


The work function correction is omitted in this table. 
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640 


780 


Counts per 
munute 


720 


660 


600 


Q: Tungsten cathode 
5: Oxide cathode 


(work function not added) 


480 


5980 I9BS 5990 IIIS 


6000 
Absolute volts 


Fig. 19. Cr Ka, excitation curves, the work function correction omitted. Anticathode at red heat. 


The intensity scale refers to the oxide cathode curve (No. 2, Table 7). The tungsten cathode curve is 
the one shown in Fig. 15. 


measurements. One of the curves obtained was so near the quantum limit for the ~ 
continuous radiation, that it was possible to make a direct comparison between 
the two types of curves. 

The K excitation potential of chromium was determined in 1949-50 with both 
oxide cathode and tungsten cathode. The results of these determinations are given in 
Tables 7-8 and Figs. 19-20 (together with some later results). Similar determina- 
tions were made in 1952 for a titanium target. The results are given in Tables 12-13. 
A graphical summary of the results for both chromium and titanium is given in 
Fig. 21. 

The chromium curves were obtained for both incandescent and cooled targets. 
The results for cooled targets require a considerably cleaner vacuum to be reproducible 
than do the targets at red-heat, The surface of a chromium target at red-heat may 


be said to renew itself, in view of the high vapour pressure of the metal at such 
temperatures. 
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@: Tingsten| cothove 


&: Qxide | cathooe 


Cwork fonction | not odded ) 


IGF 5960 IGbS 5990 F995 6000 
Absolute volts 


Fig. 20. Cr Ka, excitation curves, the work function correction omitted. Water-cooled anticathode. 


The intensity scale refers to the oxide cathode curve (No. 11, Table 8). The tungsten cathode curve is 
the one shown in Fig. 22. 


The coating of the oxide cathode was a mixture of barium, strontium and calcium 
oxides. Barium chloride, strontium nitrate and calcium chloride in the molecular 
proportions 5 : 5: 1 were emulsified in a mixture of amyl acetate and Zapon lacquer, 
and applied to the cathode with a glass rod. The oxides were formed at 1000-1100°C, 
the subsequent operating temperature being 950-1000° C. The base metal was 
platinum, except for chromium curves Nos. 1-3 and 7-8, for which it was nickel. 

The oxide layer of normal thickness was bright white in colour. It proved to be 
difficult to degas such layers sufficiently for water-cvoled anticathodes not to be 
contaminated in operation, and thinner oxide films were therefore used with such 
anticathodes. For this purpose, the emulsion of the salts previously mentioned was 
further diluted with amyl acetate, and the layer applied to the cathode was so thin 
that the metal underneath was clearly discernible. The contamination of the target 
was reduced by this means, and reproducible curves obtained, even with cooled targets. 
As may be seen from Fig. 21, the voltage displacement for these cathodes was not 
quite regular, and curves for a cooled titanium target were therefore determined 
later with a normal oxide coating on the cathode. Rapid determination in combination 
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29 Volts 


4970 4971 4972 Absolute volts 4974 


25 Volts 


do Volts 


5982 SIEZ F984 Absolute volts S98E 


Fig. 21. The distribution of the determined potentials of 22 Ti, point P, and 24 Cr, point S, 
the work function correction being omitted. 


O —tungsten cathode. + —normal oxide cathode. @ —thin oxide films. 


with titanium evaporation made this possible. (Chromium curves Nos. 1-19 were 
obtained without evaporation.) On account of the large structure at the foot of the 
primary edge S of the titanium curves, the excitation potential given for Ti in Fig. 21 
refers to the secondary edge P. 

Fig. 21 gives a good idea of the spread of the measured values due to random varia- 
tions. When the same resistances R and r were used for the whole series of measure- 
ments, the spreading was mainly due to the error of the Wolff potentiometer 
(+ 0.01%), and of the galvanometer zero reading (+0.3 V). Fig. 21 shows that 
the measured values lie within a range of 1 V, which is a measure of the reproducibility 
attainable. Voltage differences occurring when either the cathode or target were 
changed, without other alterations, may therefore be assigned a maximum uncertainty 
of +1 V. The values obtained with oxide and tungsten cathodes differ by a clear 
voltage margin. Fig. 21 and Tables 7, 8 and 13 show that the average values for the 
different targets were displaced 2.9-3.2 V with normal oxide cahtodes, and 2.4-2.5 V 
with the extremely thin oxide coatings. 

Tungsten’s work function is 4.5 V. An applied electrostatic field diminishes the 
work function by an amount which is proportional to the square root of the field 
intensity at the surface. This effect is only a matter of millivolts for the fields used 
here, however, and is therefore negligible. Thermoelectric potentials at the cathode 
can be estimated to be of the same order of magnitude. 

The work function of an oxide cathode is more complicated. The definition is analo- 
gous to that given for a metal, i.e., the work function is the amount of energy required 
to transfer an electron from the Fermi level of the base metal to a point in the vacuum 
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just outside the surface of the oxide layer. The work function depends on the com- 
position of the oxide, on the base metal, on the thickness of the oxide layer, and on 
the activation of the cathode. During the activation a boundary layer of metal 
oxides is formed, an interface which plays an important part in the emissive properties 
of the cathode. The passage of a current gives rise to a potential drop across the inter- 
face and the oxide layer. For further details about oxide cathodes, reference may be 
made to relevant literature [HERRMANN & WaGENER 1943 and 1944, FRIEDENSTEIN 
et al. 1946-47, HisEnsTEIN 1948]. 

The work functions for the individual oxides on a nickel base are given as 1.9 V 
(CaO), 1.4 V (SrO), and 1.1 V (BaO). The value given for extremely thin layers of 
SrO on a nickel base is 2.0 V, which is 0.6 V higher than that for the normal oxide 
layer [KIsENSTEIN 1948]. LizBotp used a similar oxide mixture as in the present 
investigation, and obtained a value of 1.4 V for both nickel and platinum bases. 
Huser gave 1.41.6 V for mixtures of SrO and BaO in different proportions on a 
nickel base. Regarding LizBotp’s and Huser’s results, see FRIEDENSTEIN et al. 
[1946-47]. 

Electron and X-ray diffraction measurements have shown that the more volatile 
components of the oxide mixture disappear from the surface of the oxide layer. 
A BaO-SrO cathode coating was found to consist of SrO to a depth of 300-2000 atom 
layers [HuBER & WAGENER 1942], so it may be presumed that SrO predominated 
in the oxide coating used by the present author. There is thus good reason to assume 
that the work function for the oxide cathodes in question was 1.4+0.2 V. The 
difference between this value and the work function of tungsten is 3.1 V, which 
agrees with the observed voltage displacements for Ti and Cr targets. Moreover, 
the voltage displacement between the normal oxide coating and extremely thin 
oxide coating is of the same magnitude and sign as the difference between the 
work function values for normal and thin SrO coatings. 

The results obtained constitute a proof that a correction should be applied, de- 
pending on the cathode and of the same order of magnitude as the thermionic work 
function. The proper correction is a quantity called the calorimetric work function. 
The difference between the calorimetric and thermionic work function is negligible 
for our purpose. [Cf. Panorsky, GREEN & DuMonp 1942.] 


3. Continuous and characteristic radiation 


The electronic processes involved in the emission of brehmsstrahlung and in 
the excitation of X-ray levels may be different with regard to the work function 
correction. A decision can be reached by comparing the “electronic” energy dif- 
ference between two energy levels in an atom with the spectroscopically determined 
difference. These differences should either be the same or differ by an amount 
equivalent to the work function of the cathode. If they are equal, it is shown that 
the work function should be treated in the same way in relation to continuous and 
characteristic radiation. 

The curve in Fig. 25 enables us to make such a comparison. One level considered 
is the Mum level of chromium, corresponding to the maximum intensity of the 
KG, line. The K@, line arises from the (K—Mn, m) transition, and its shape and 
position have been determined by BrarpEen & Suaw [1935]. The shape may be 
siven in terms of the width at half-maximum and the asymmetry. BEARDEN & SHAW 
give the width as 3.0 V, and the asymmetry as 1.53 for the (1+ 1) position of the 
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Table 9. CrKa,, Ka and K8,. 


7 | H | R | P 
Nel haart 7 gulltl virvy adorn | S | 

\| 

| 

| 5990.9 | 5997.0 

K 21 | 1.28189] 5 965.0 | 5970.7 | 5987.4 | 5987.8 | 5989.4 
ina en 1.28187 | 5964.9 | 5970.5 | 5987.4 | 5988.0 | 5989.5 | 5 990.9 | 5997.0 
Mean, abs. volts || 5 987.4 | 5 987.9 | 5 989.4 | 5 990.9 | 5 997.0 

CrKa, | 23 | 1.28187 5 964.9 | 5970.5 || — | 5 988.1 | 5 989.6 | 5 991.0 | 5 996.7 
CrK®, | 24 | 1.28669 | 5 958.5 | 5964.1) — | 5988.2 | 5989.7 | 5991.2 | 5996.8 


Anticathode: Nos. 21-23. Chromium, evaporation deposit on copper. 
No. 24. Chromium, evaporation deposit on beryllium. 


Cathode: Tungsten filament. 


Table 10. The quantum limit (Vz) of the continuous spectrum at the Cr K 6, line. 
a Oa ee SE ere 
No. | E ay | vs | Ve | ve | Cn | rje)*- 108 hje- 1017 
SS eee ees Se eee cl 


25a 1.28669 | 5903.5 5 904.6 5 909.1 5 941.1 5 945.6 1.3782 1.3792 
25b 1.28669 | 5 903.5 5 904.6 5 909.1 5 941.6 5 946.1 1.3783 1.3794 


| 


Mean 1.3783 1.3793 
i ee | ee eee 


Cr K6, = 2080.60 X.U. [BrarDEN and SHAW 1935.] 
Agi, = 2080.67 X.U. (Correction for asymmetry of K,. Fig. 14.) 
Slit width = 2.6 volts. 
Units in the table: voltages in absolute volts. 
hje in ergsec./e.s.u. 


* signifies that the work function correction is omitted. 


crystals in the double crystal spectrometer. The present author’s corresponding 
values for the K@, line (Fig. 14) are 3.1 and 1.5, so there should be no risk of dis- 
crepancy in the position of the maximum intensity. 

The other level considered corresponds to the main edge of the K absorption curve 
obtained by SANNER [1941]. Sanner measured the inflection point of the absorption 
edge. His results show that it occurs at 1 /3 the height of the main edge. 

The difference between the above-mentioned levels may be calculated from San- 
NER'S K absorption edge (2065.95 +0.15) X.U., and Brarpen & SHaw’s Cr Ke, 
value (2080.60 + 0.05) X.U., using the expression h/e+(¢/Ax—c/d,)). 

The energy difference obtained is (42.2 + 0.6) eV (independent of imaccuracy in 
the h/e value, arising from uncertainty as to the necessity for the work fune- 
tion correction). 

The same energy level difference can be calculated from electronic determina- 
tions as the energy between the K excitation potential and the short wavelength 
limit of the continuous spectrum for a wavelength corresponding to the peak of the 
K®, line. The excitation potential value must be commensurable with the inflection 
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point of the K absorption edge, which means that the value taken should be 5989.2 
abs. volts (Table 9). The quantum limit determined has to be corrected for the 0.2 V 
difference between the centre of the slit and the peak of the line: 5945.9 + 0.2 = 5946.1 
abs. volts (Table 10). The required voltage difference is thus 43.1 V, with an ap- 
proximate error of +1 V, which is in full agreement with the value obtained 
spectroscopically. 

Since the K®, and K«, lines have the same excitation potential, it is possible to 
obtain a more exact value from the Ka, determination (Table 11). The voltage differ- 
ence obtained in this way is 42.7 V. 

A new value for the Cr My, m edge has recently been published [Gyvoray & Harvey 
1952]. The voltage value for this edge is equal to the difference between the My m 
level and the Fermi level. This difference has a more exact definition than the 
difference calculated from the K absorption edge. As we shall see later, the Fermi 
level corresponds to the point / in Fig. 16. The voltage difference ho, — V, = 5987.4 — 
— 5946.1 = 41.3 V (Tables 9 and 10). The direct spectroscopic value is 41.6 + 0.3 V. 


4. Conclusions 


We may thus conclude (1) that the nature of the cathode surface effects the energy 
of the electron, (2) that this effect coincides with the work function of the cathode 
within the limits of experimental error, and (3) that the maximum available kinetic 
energy of electrons is the same in determinations of the excitation potential as in 
determinations of the limit of continuous radiation. 

The excitation potentials in the tables have been corrected for the work function 
of the cathode. A summary of all corrections applied is given for the greater part of 
the curves obtained with a tungsten cathode in Table 6 b. Where no correction has 
been made for the work function, the value is marked with an asterisk. 


Chapter VI. The K excitation curves 


A. Chromium 


General properties 


The chromium targets were of three types: (1) ground chromium plate 1 mm thick, 
(2) electrolytic deposits on a copper-nickel base, and (3) chromium films evaporated 
on to a copper base. Analytically pure chromium was used for (1) and (3), fused ac- 
cording to Goldschmidt. et 

Chromium melts at 1860° C, but the vapour pressure is high even in the solid 
state. The evaporation temperature was 1100-1200° C, and the molybdenum furnace 
was used. 
Chromium is not readily oxidised under electron bombardment. The experience 
of the present author was quite different from that of Gyorey & Harvey [1952] 
in this respect; — they evaporated chromium continuously on to the target when 
making determinations. 

Chromium crystallises in body-centred cubic crystals, and is stable in this form 
up to more than 1600° C. 

The K absorption edges for Cr and Cr,0, have been determined by Sannur [1941]. 
The main edge of Cr,O, is 10.5 V higher than the edge of the pure element. 
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Information about the physical and chemical properties of the metals concerned 
have been taken from Espe & KNoLt [1936], vAN ARKEL [1939], Law [1948] and 
SzaBé & Lakatos [1952]. 


Tables and Curves 


The earlier K excitation curves were obtained without an evaporation furnace. 
Only Nos. 20-24 are with evaporation films. There was very seldom any trace of 
contamination in focus after the introduction of liquid-air traps. 


Table 11. Summary of CrKa,, tungsten cathode. Work function correction 


included. 
Articathode | 
Yos | S R Fs 
Nos. te nperature | S | H | | 
4-15 1 000° C | 5 986.8 5 988.1 5 989.5 > 995.5 
16-20 100°C || 5 987.7 | 5989.2 | 5990.7 | 5997.2 
21-22 100°C |) «5: 987.9 | 5989.4 | 5990.9 | 5997.0 
Mean Nos. 16-22 | 5 987.8 | 5 989.3 | 5 990.8 | 5997.1 
i y i 1 
F i605 V3 codseieiwl | 1.2 | 1.3 | 1.6 


There is a better statistical resolution in Nos. 21-22 than in the earlier curves, 
and more attention has been paid to the h structure. The results are given in Table 9. 
A summary of the chromium determinations with tungsten cathode is given in Table 
11. Voltage differences and intensity characteristics are given in Tables 20a and b, 
the latter including a comparison between the three lines determined in chromium’s 
K spectrum. 

Figs. 15, 22-26 and 30 show the different curves obtained for chromium. See 
also Figs. 17, 19 and 20. 


100° C and 1000° CG 


The curves for incandescent targets (1000-1100° C) differ from those for targets 
at about 100°C in the following respects: (1) the A structure is absent, (2) AT is larger, 
(3) the plateau RP is shorter (Table 20 a), and (4) the curve as a whole is displaced 
towards lower energies. Compare Figs. 15, 17 and 19 with Figs. 20 and 22. 

The reasons that the h structure disappears at higher temperatures may be purely 
experimental: too low a statistical resolution, and too large voltage intervals be- 
tween the points plotted. But the broadening of the Fermi level as the temperature 
rises may also account for a smoothing out of the excitation curve near the excita- 
tion limit. According to SkrnNER [1946], we may take the breadth of the Fermi level 
as 6k7'. This corresponds to the energy difference between the levels 5 % and 95% 
occupied (cf. Chapter IX), and gives us widths of 0.19 V and 0.66 V at 100° C and 


1000°C respectively. A structure 0.5 V wide is consequently smoothed out at the 
higher temperature. 
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Fig. 22. Cr Ka,. Evaporation deposit on copper. No. 22, Table 9. 


Generally, a smoothing out of the structural details may be expected at higher 
emperatures, by analogy with what happens in the case of the absorption edges 
Hanawatr 1931]. Where the excitation curve has been drawn with a sharp corner, 
shis should be regarded as a more or less rough approximation. 

The displacement towards lower energies at higher temperatures 1s clearly evident 
n Fig. 21 and Table 11. Displacements might be expected as a consequence of 
shanges in the lattice constant — e.g. owing to thermal expansion, or transition to 
nother crystal system. KuryLENKO [1939] observed a similar displacement with 
emperature of iron’s K absorption edge. He made his measurements for a target 
it. 960° C, thus above the transition temperature to y-Fe. [See also Caucnors 1952. ] 
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Fig. 23. Cr Ka, excitation curve with the chromium-plated copper anticathode slightly contami- 
nated. 


Ka, and Ka, 


Series Nos. 22 and 23 were obtained in immediate succession, and Fig. 24 shows 


their agreement as to position and shape. It will be seen from Table 20b that AI for. 
Ka, and Ka, are in the ratio 1 : 0.48. 1 


Kp, 


The intensity of the Cr K8, line is only about 20 % of that of the Ka, line. Near 
the excitation potential it scarcely rises above the continuous background. Figs. 
25, 26 and Table 20b. 

With a thick target the slope of the background is so steep that the structure of the 
K8, curve disappears. However, the use of a thin target makes it possible to obtain 
a level background. The thin target was prepared by evaporating chromium on to a 
beryllium base. This method has been used previously for similar purposes [cf. 
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lig. 24. Cr Ka,. Evaporation deposit on copper. No. 23, Table 9. The dotted line is the K«, curve 
of Fig. 22. 


JOSTER & VAN ZUYLEN 1932]. An attempt was made to evaporate beryllium di- 
ectly on to a copper base, but the metal is very brittle, and showed a tendency to 
lake at thicknesses of about 1 micron. The target base finally used consisted of 0.2—0.3 
nicrons beryllium on copper, with 0.3 microns aluminium as an intermediate layer. 
‘his target was durable. Its continuous spectrum is shown in Fig. 25, curve (a). 
‘he thickness of the evaporated chromium layer was of the order of 500 A.t 

The continuous background with the thin Cr film had an intensity about 40% 
f the thick Cr target’s, and levelled out just before the excitation potential of 
' K8, to an almost horizontal distribution. 


1 Docent E. Incetstam, Stockholm, determined the thickness interferometrically, and I 
‘ould like to take this opportunity of thanking him. 
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Fig. 25. The continuous X-ray spectrum at the Cr K®§, excitation curve (dotted). 


The rectangle in the upper right corner corresponds to the square marked in Fig. 26. 
a. Isochromat for the pure beryllium anticathode. 
b. Isochromat for the same beryllium anticathode with a thin evaporation deposit of chromium, 


B. Oxidation influence upon the curves 


Contamination of the focal spot because of oxidation could be detected in the excita- 
tion curves even when there was scarcely any visible discolouration of the target. 
Certain structural details were very sensitive to contamination. A broad intensity 
minimum appeared in the RP ridge of the titanium and chromium curves (Fig. 23). 
At the same time, changes occurred in the neighbourhood of the oxide absorption 
edges (the positions of these according to Sanner are indicated in Fig. 23). Nevertheless, 
the position of the main edge in the voltage scale did not change even when the focal 
spot was discoloured to such a degree that the oxidation depression of the RP 
ridge might touch the level of the background. 

The elements 26 Fe to 29 Cu behaved otherwise. The immediate effect of the first 
signs of oxidation was a marked diminution of intensity just above R, with a simul- 
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Fig. 26. Cr K®,. Thin evaporation deposit on beryllium. The curve corresponds to the mean of 
six series of readings. No. 24, Table 9. 


taneous appearance of intensity peaks near P. Fig. 37 shows two copper curves, 
one (a) for slight oxidation, the other (b) with so extensive oxidation of the focal 
spot that the pure copper radiation is completely suppressed. The displacement of 
curve (a) relative to curve (b) is about 3 V, which agrees with the difference between 
the K absorption curves for Cu and CuO given by Barnzs [1933]. 

Whereas the RP ridge of chromium and copper tends to sink, the opposite effect 
is observed with Fe-Cu, apart from the depression at R. The difference seems to be 
connected with the position of the oxide edge. It is the region immediately below the 
oxide edge that is most markedly affected by the diminution of intensity, the metal’s 
main edge remaining intact until oxidation is well advanced. 


C. Titanium 
General properties 


The titanium target was prepared by evaporation of the metal on to a copper 
base. Analytically pure titanium was evaporated from a tungsten furnace. This 
provisional furnace was of 2 mm tungsten plate with small depressions ground into 
the surface to hold grains of titanium. Titanium melts at 1720° C, and evaporation 
took place just above the melting-point. There was considerable risk of alloying if 
the furnace was overheated. It is quite likely that the evaporated film contained some 
y»xide, as it was not possible to degas the X-ray tube effectively for such a high 
furnace temperature. 

Titanium crystallises in the hexagonal system, and the transition to the body- 
sentred cubic form does not occur until 880° C. 

The main K absorption edge for TiO, is 12,3 V above the corresponding edge for 
she pure element [SannerR 1941]. 
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Fig. 27. Ti Ka,. Evaporation deposit on copper. Nos. 1-3, Table 12. 


Table 12. Ti Ke,. 


No. Pe | Var | Vo | h | S | H | R | P 

1 1.28206 | 4938.1 | 4943.8 | 4963.3 | 4964.5 | 4966.0 | 4967.5 — 

2 1.28206 | 4938.1 | 4943.8 | — 4964.7 | 4966.3 | 4967.9 — 
3 1.28206 | 4938.1 | 4943.8 — 4964.7 | 4966.2 | 4967.7 | 4975.1 
4 1.28205 | 4938.1 | 4943.8 | 4963.6 | 4964.8 | 4966.4 | 4967.9 | 49753 
8 1.28201 | 4937.9 | 4943.6 | 4963.7 | 4964.8 | 4966.1 | 4967.3 | 4974.7 
9 1.28199 | 4937.8 | 4943.5 — 4964.8 | 4966.4 | 4967.9 | 4974.5 
Mean, abs. volts | 4963.5 | 4964.7 | 4966.2 | 4967.7 | 4 974.9 
Mean without vp-correction | 4959.0 4 960.2 4 961.7 | 4 963.2 | 4 970.4 


a ee Oe bk RT 


Anticathode: Titanium, evaporation deposit on copper (except no. 4, where a thin Ti 
layer was evaporated on to a beryllium target). 


Cathode: Tungsten filament. 
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Fig. 28. Ti Ka,. Evaporation deposit on copper. No. 8, Table 12. 


Table 13. Ti Kay. 


No. ce aon ve S | R | P 
5 1.28204 4 938.0 4 938.0 4 963.4 4 966.7 4972.9 
6 1.28204 4 938.0 4 938.0 4 961.8 4 965.7 4973.4 
7 1.28204 4 938.0 4 938.0 4 973.6 
10 1.28198 4 937.8 4 937.8 4 964.0 
Mean, abs. volts (oxide cathode) || 4 963.1 | 4 966.2 | 4973.3 
} 
Mean, abs. volts (W-cathode, tab. 12) 4 960.2 | 4 963.2 | 4 
| 
V oxide Vy | | | 


et 


Anticathode: Titanium, evaporation deposit on copper. 
Cathode: Oxide-coated cathode (Nos. 5-7, 10). 


The work function correction is omitted in this table. 
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Fig. 29. The fine structure of the Ti Ka, excitation curve. Mean of three series of readings. 
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Fig. 30. The fine structure of the Cr Ka, excitation curve. Mean of four series of readings. 


562 


1740.0 Xb, 1739.5 


Counts per 
Mnute 


1605.5 XU 


Counts per 
unite 


ARKIV FOR FYSIK. Bd 6 nr 49 


1605.0 185,32 M850 XU, 1484.7 


ea es al Ne er 


Counrs per 
minute 


5/50 


C7 Co 


1850 


7109 7H0 7H 12 7706 7707 7708 7709 O329 8330 O33/ 6332 
Absosute volts Absolute volrs Absolute volts 


Fig. 31. The main edge and the fine structure of the Ka, excitation curves for Fe, Co and Ni. 


The Fe curve is the mean of Nos. 2-5, Table 14, the Co curve of Nos. 4-5, Table 15, and the Ni curve 
of six series of readings, No. 4, Table 16. 


Tables and curves 


The excitation potentials from curves obtained with tungsten cathodes are given 
in Table 12. Voltage differences and intensity characteristics are given in Table 21. 
Figs. 27-29 show excitation curves. These exhibit considerable resemblances to the 
chromium curves. The RP plateau is horizontal for entirely uncontaminated targets. 
In contrast to the other metals, the h structure has a double peak, which may be 
due to oxidation. This explanation is supported by (1) the risk of oxidation during 
evaporation, and (2) the conspicuous similarity of the h structure of titanium and 
the type of oxide influence shown in Fig. 37 for Cu. Against the oxide explanation 
are (1) the absence of an absorption edge in this region, and (2) the “purity” of the 
curve in other respects. 


D. Iren 
General properties 
The iron targets were prepared by evaporation either on to a solid copper base 


or on to a 1 mm iron plate inset in the copper hase. The temperature of the target 
was regulated by the emission, which was lowered to a value at which incandescence 


ceased. 
The material evaporated was a piece (diam. = 2.5 mm) of spectroscopically pure 


iron in the tungsten crucible (Fig. 8). 


563 


4. nitsson, The K excitation potential of some 3d elements 


2932 


2767 


Counts per 
fe 


7, 
a 7105 7110 CHS 7120 ADS. volts 725 


Fig. 32. Fe Ka,. Evaporation deposit on 1 mm iron plate. No. 3, Table 14. 


Table 14. Fe Ka. 


No. Enean Vror Vee | h | S | H | Hy | R | P 
iI 1.28247] 7088.0 | 7 093.5 | 7110.6 | — | — | yf | — | 7116.4 
2 1.28245 | 7087.9 | 7093.4 | 7110.8 |(7111.2)|(7111.7)| 7111.8 (7 112.2)| 7116.6 
3 1.28244 | 7087.8 | 7093.3 || 7110.6 | 7111.0 | 7111.5 | 7111.5 | 7 112.0 | 7116.6 
4 1.28233 | 7087.2 | 7092.7 | 7110.4 | (7 110.7) | (7 111.3)| 7111.6 (7211.9) | PLU 
5 1.28232 | 7087.2 | 7092.6 | 7110.2 | (7 110.4) | (7 111.0) } 7111.0 | (7111.6) | 7116.8 


l 
Mean, abs. volt (Nos. 2-5) | 7110.5 | 7110.9 7111.4 | 7111.5 7111.9 7116.6 
a ee ee SS ao 
Anticathode: No. 1. Iron, evaporation deposit on copper. 
Nos. 2-5. Iron, evaporation deposit on 1 mm iron plate. 


Cathode: Tungsten filament. 


The brackets indicate uncertainty in identifying the point in question. These voltages 
have been assigned a weight of /, in the calculation of the mean. 


Tron melts at 1539° C, and evaporation took place just below the melting-point. 
There was no observable tendency to alloy with the tungsten. 

Tron crystallises at normal temperatures in body-centred cubic crystals (a-Fe), 
and transformation to the paramagnetic form begins at 769° C without alteration 
of the crystal system. Iron adopts a face-centred cubic modification (y-Fe) in the 
range 900-1400° C. Above 1400° C the stable form is again body-centred cubic. — 
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Fig. 33. Ka, excitation curve for Fe (No. 5, Table 14), and the K absorption edge for comparison, 


(Fe target: — evaporation deposit on 1 mm iron plate.) 
The excitation curve is moved + 0.4 V in order to bring the main edge into coincidence with the mean 


values in Table 14. 

The K absorption edge and the K6; line in Figs. 33, 35, 36 and 38 are taken from BEEMAN and FRIEDMAN 
{1939], being redrawn with the same voltage dispersion as the corresponding excitation curve. The absolute- 
volt scale belongs to the excitation curve, and the wave-length scale to the absorption edge and the K§, 


line. 


According to SANNER [1941], the main K absorption edge for FeO is 9.2 V higher 
than the corresponding edge for the pure element, and that for Fe,O, 12.1 V higher. 
_ Barnes [1933] observed, however, structural details in the Fe,O, curve extending 
as far as to the main edge for the pure element. 


Tables and curves 


The excitation potentials are given in Table 14, and the voltage differences and 
intensity characteristics in Table 22. Figs. 31-33 show the excitation curves. 

Uninterrupted determinations could not last more than about 20 mins. with cooled 
targets, owing to the rapid oxidation. Series of two or three times this duration could 
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0 
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Fig. 34. Co Ka,. Evaporation deposit on 1 mm cobalt plate, No. 1, Table 15. Original series of 
readings. 


The horizontal axis gives the additional voltages as read form the Roller-Smith voltmeter. The curve 
was taken from right to left, and the different kinds of points marked indicate different cobalt evaporations. 
The voltages have to be corrected for a small drift in the Roller-Smith scale (here —0.1 V), and the intensity 
values for the dead time of the Geiger counter. 


be obtained with the 1 mm iron plates (at about 500° C). This temperature is lower 
than the Curie temperature, where displacements of the excitation potential may 
be expected. The means in the table refer to the film evaporated on to the iron-plate 
target, while control determinations were made with an iron deposit on copper. 

The h/ structure of iron is farther up on the main edge than in the case of Cr and 
Ti, but it is not really higher in counts/min. (32 c/m for Fe and 27 c/m for Cr, 
with the background reduced to 1000 c¢/m). For iron, the RP plateau represents only 
6 % of the background, whereas it is 18 % for chromium and 22 % for titanium (Tables 
20-22). 

The identification of the points S and R is uncertain, as Figs. 32-33 indicate, 
so a new point, Ho, has been introduced. In determining this point, the curve is 
drawn as in Fig. 16, and Hy, is identified as the intersection point of the line RS and 
a horizontal line through the plateau of the A structure. 


E. Cobalt 
General properties 


The targets were prepared by evaporation of spectroscopically pure cobalt from 
a tungsten crucible on to a 1 mm thick cobalt plate. (Cf. Fe.) Two curves were obtained 
with thin layers of cobalt on beryllium (Nos. 4, 5, Table 15), the Be layer on a cobalt 
plate for one of them and on copper target for the other. (Cf. Cr K8,.) 
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Fig. 35. Ka, excitation curve for Co (No. 3, Table 15), and the K absorption edge for comparison. 


(Co target: — evaporation deposit on 1 mm cobalt plate.) 


Cobalt melts at 1495° C, and evaporation took place just below the melting-point. 
There were no observable signs of alloying with tungsten. 

Cobalt crystallises in hexagonal crystals at normal temperatures («-Co). The transi- 
tion to the cubic modification (6-Co) occurs at a temperature between 450 and 800°C, 
depending on the size of the crystallites. Evaporation gives a fine-grained layer 
[LevinstErn 1949], which retards the «-8 transition. Both «- and $-cobalt are ferro- 
magnetic; the Curie temperature is 1120° C. 

According to Barnes [1933], the foot of the K absorption edge of Cr,O, is only 


1 V above that of the pure element. 


Tables and curves 


The excitation potentials are given in Table 15, voltage differences and intensity 
characteristics in Table 22. The excitation curves are shown in Figs. 31, 34 and 35. 
The rapidity of oxidation under electron bombardment was about the same for 


cobalt as for iron. 
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Table 15. Co Ka,. 


| 
| R P 
No. J Dp ees Very Vo | h | S | H | Hy | | 
1 | 1.28296| 7687.1 | 7692.5 || 7707.2 | 7707.7 | 7708.3 | 7708.0 | 7708.8 | 7713.3 
2 | 1.28266| 7685.3 | 7690.7 | 7706.7 | 7707.2 | 7708.2 | 7707.8 | 7709.2 | 7713.6 
3 | 1.28265] 7685.3 | 7690.7 | 7707.0 | 7707.4 | 7708.1 | 7707.7.| 7708.8 | 7712.8 
Mean, abs. volts || 7707.0 | 7707.4 | 7708.2 7707.8 | 7 708.9 | 7713.2 
4 | 1.28264] 7685.2 | 7690.6 || 7706.6 | 7707.4 | 7708.1 | 7707.9 | 7708.7 | 7713.5 
5 | 1.28258] 7684.8 | 7690.2 || 7706.6 | 7707.5 | 7708.2 | 7708.0 | 7708.9 | — 
Mean, abs. volts | 7 706.6 7707.5 | 7 708.2 | 7708.0 7 708.8 | 7713.5 


Mean, Nos. 1—5, abs. volts I 7 706.8 | 7 707.4 | 7708.2 


7 707.9 | 7 708.9 | 7 713.3 


Anticathode: Nos. 1-3. Cobalt, evaporation deposit on 1 mm cobalt plate. Below red 
heat or just faintly glowing. 
No. 4. Cobalt, evaporation deposit on Be-—Co plate. Thin Co layer. 
No. 5. Cobalt, evaporation deposit on copper. Thin Co layer. 


Cathode: Tungsten filament. 


The continuous background was repressed when thin cobalt films were used. 
There was no discernible voltage displacement for these films, nor for the different 
target temperatures. 

It will be seen from Table 22 that there is a striking resemblance in shape between 
the Fe and Co curves. 


F. Nickel 
General properties 


The targets are described in Table 16. Evaporation was performed with analytically 
pure nickel from a tungsten crucible (cf. Fe). 

Nickel melts at 1453°C. The evaporation temperature chosen was just below the 
melting-point. Very slight overheating melted the nickel, which immediately formed 
an alloy with the tungsten of the crucible, making evaporation impossible. 

Nickel crystallises in face-centred cubic crystals. The Curie point is about 380° C. 

Nickel is resistant to oxidation under electron bombardment. A cooled target was 
tested for 10 hrs. continuous operation, and there was scarcely any visible con- 
tamination. 

The foot of the K absorption edge for Ni,O, is 5-6 V above the corresponding point 
for the pure element [Barnes 1933]. 


Tables and curves 


The excitation potentials are given in Table 16, voltage differences and intensity 
characteristics in Table 22. An excitation curve is shown in Fig. 36. 

Series Nos. 1-4 were all determined below the Curie point. With incandescent 
targets there was a displacement of about 1 V upwards. Similar observations regarding | 
the Ly absorption were made by Cavucuors [1952]. 
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Fig. 36. Ka, excitation curve for Ni (No. 4, Table 16), and the K absorption edge for comparison. 


(Ni target: — evaporation deposit on copper.) 


In nickel, the A structure has sunk in height and width. The height for chromium, 
iron and cobalt was about 30 counts/min. (Ios = 1000 c/m), but is only half as great 
in the case of nickel (16 c/m). The & P plateau for nickel is also only half the height 


_ of iron’s and cobalt’s (Table 22). 


G. Copper 
General properties 


The targets were prepared by the evaporation of electrolytic copper on to a copper 
base. A molybdenum furnace was used for the evaporation. Molten copper does not 
wet molybdenum, and the molten metal in the furnace gathered in a globule at the 


bottom. 
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Table 16. NiKa,. 


No. | PRP) ray h | Ss | H | H, | R | P 
1 | 1.28468] 8 308.7 | 8314.0 | 8 330.3 | 8 331.1 | 8331.6 | 8331.5 | 8332.1 | 8 335.9 
2 | 1.28226] 8 308.0 | 8 313.3 (8 330.0) = _ — | 8336.2 
3 | 1.28225] 8 307.9 | 8313.2 | 8329.4 | 8329.8 | 8330.3 | 8330.1 | 8330.8 | — 
4 | 1.28224] 8 307.9 | 8 313.2 || 8 330.0 | 8 330.4 | 8 330.9 | 8330.8 | 8331.3 | 8335.2 


Mean (weighted), abs. volts || 8 329.8 | 8 330.3 8 330.8 | 8 330.6 | 8 331.2 8 335.3 


Anticathode: No. 1. Nickel-electroplated copper. 
Nos. 2, 4. Nickel, evaporation deposit on copper. 
No. 3. Nickel, evaporation deposit on a nickel plate (below red heat). 


Cathode: Tungsten filament. 


The weights assigned to the different series of readings are proportional to the number 
of counts per point. See Table 22. 


Intensity 


8975 8960 8985 6990 
Absolute volts 
Fig. 37. Cu Ka, excitation curves. 


a. Sligthly contaminated Cu target. The pure Cu curve is indicated by the dotted line. 
b. Heavy contamination. The electron-bombarded Cu surface was left for some days in vacuum and 
further determination then carried out. } 


ee melts at 1083° C. The evaporation temperature was above the melting- 
point. 

Copper crystallises in face-centred cubic crystals. 

The foot of the main K absorption edge of CuO is about 3 V above the corresponding 
point for the pure element [BaRNEs 1933]. 


Tables and curves 


The excitation potentials are given in Table 17, voltage differences and intensity 
characteristics in Table 22. Excitation curves are shown in Fig. 38. 
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Fig. 38. Ka, excitation curves for Cu, and the K absorption edge for comparison. 


Curve a corresponds to No. 5 and curve b to the mean of Nos. 1-3, Table 17, The anticathode was evap- 
orated Cu on a copper base. The additional voltage was advanced in steps of 3 V, except near the main 


edge of curve a, where the steps were ¢ V. 
The excitation curves are slightly displaced in the voltage scale, to bring the main edge into coincidence 


with the means in Table 17: — curve a —0.3 V, curve b + 0.3 V. 


The period of uninterrupted determinations was short (20-40 mins.), owing to 


the risk of target oxidation. 
The / structure has completely disappeared in the copper curves. The # P plateau 
has the same low height as for nickel, and showed a tendency to negative slope in 


some series of determinations. 
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29 Cu 


%= 8949.1 av 


26 Ni 
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27 Co 


4 = 76927 av 


Fig. 39. The fine structure of the excitation curves for Co, Ni and Cu some tens of volts above 
the excitation potential. 


The figure shows the intensity difference between the points determined and a straight line in the 
general direction of the excitation curve in the voltage range in question. 


Table 17. CuKa,. 
lena |ie salva] aes se eee 
| ce | | | 


No. | 2 in Va i os H 


mean | 


Nl 


1 1.28568 8 944.0 8 949.1 8 979.3 8 979.9 8 980.5 8 983.5 
2 1.28545 8 942.4 8 947.6 8 978.5 8 978.9 8 979.3 8 982.6 
3 1.28546 8 942.5 8 947.7 / 8 979.9 8 980.5 8 981.0 8 984.3 
+ 1.28505 8 939.6 8 944.7 | 8 980.6 8 981.0 8 981.4 8 984.6 
5 


1.28505 8 939.6 8 944.7 


28! 9. ; 8 980.2 8 980.5 8 980.8 — 
ee ES 


Mean, abs. volts 8 979.7 8 980.2 8 980.6 8 983.8 


Anticathode: Copper, evaporation deposit on copper. 


Cathode: Tungsten filament. 


Table 18. Summary in absolute volts. 


h Ss H H, R P 
TTT Eee eee 
22 Ti 4 963.5 4964.7 4 966.2 - 4 967.7 4974.9 
24 Cr 5 987.4 5 987.9 5 989.4 = 5 990.9 5 997.0 
26 Fe 7110.5 7110.9 7111.4 7111.5 7111.9 7116.6 
27 Co 7 706.8 7707.4 7 708.2 7707.9 7 708.9 7713.3 
28 Ni 8 329.8 8 330.3 8 330.8 8 330.6 8 331.2 8 335.3 
29 Cu =~ 8 979.7 8 980.2 = 8 980.6 8 983.8 


For notation, see Fig. 16. 
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Table 19. Summary in int. volts. 


ee Pe 

epee et se ee 
22 Ti 4 961.9 4 963.1 4 964.6 = 4 966.1 4 973.3 
24 Cr 5 985.4 5 985.9 5 987.4 = 5 988.9 5 995.0 
26 Fe 7108.1 7 108.5 7 109.0 7109.1 7 109.5 7114.2 
27 Co 7 704.2 7 704.8 7 705.6 7 705.3 7 706.3 TMOG 
28 Ni 8 327.0 8 327.5 8 328.0 8 327.8 8 328.4 8 332.5 
29 Cu — 8 976.7 8 977.2 — 8 977.6 8 980.8 


Table 20a. Voltage differences and intensity characteristics of the excitation 
curves for CrKa,. 


| | 
USR RP SP | AT (53) (33) 
Nos. counts/point | AV/sr \AV] PQ Anticathode 
| volts counts 
| | counts/volt | 
1- 3 1 600 29 6.0 8.9 | 217 75 57 Chromium plate 
4—5 2 560 2.8 6.2 9.0 | 229 82 45 (Fig. 7 a) 
x : 992. f | 
14-15 6 400 Pa) aye tera} | 24 77 55 Temp. = 1000° C 
Mean || 2.9 8.8 || 223 | 78 | 
7-12 6 400 2.9 6.4 9.3]! (110) 38) (30) Chromium-electro- 
16-19 6 400 3.0 64 9.4 (135) (45) (38) plated copper 
! 
Mean || 3.0 64 94| — | = = 
20 3 200 3.0 6.8 9.8 18] 60 49 Evaporation 
21 19 200 Sale Orlane Or 193 62 69 deposit on 
22 9 600 Pay Owl KU 168 58 4 copper 
Mean || 3.0 6.3 9.3|| 181 | 60 54 


The intensities correspond to a continuous background (pg) of 1000 counts per minute. 


For notation, see Fig. 16. In the intensity columns of the Tabs. 20-22 the word “counts” 
stands for counts per minute. 


Table 20b. Voltage differences and intensity characteristics of the excitation 
curves for CrKa,, CrKa, and CrK®,. 


| \ 
SR RP SP| At (33) (33) | 
Nos. | counts/point AV/SR \AV/PQ Line 

volts counts 
counts/volt i 
| I 

22 9 600 2.9 61 9.0] 168 58 44 Cr Ka, 

23 9 600 220 Osa SOU) 80 28 24. ! Cr Ka, 

24 9 600 3.0 5.6 8.6 | (34) (11) (15) || Or KB, 
| 

ee > See 2 ee eee eS 
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Table 21. Voltage differences and intensity characteristics of the excitation 
curves for Ti Ka,. 


. A Al 
SR RP SP | AI (55) (55) 
Nos. counts/point AV!sr \AV/ PQ 
| volts counts 
| counts/volts 
3 8 000 3.0 7.4 10.4 170 57 56 
+ 6 400 3.1 7.4 10.5 (301) (97) (66) 
8-9 8 000 2.8 7.0 9.8 212 76 54 
5-7, 10 6 400 Dek {yl 10.2 263 85 65 
3.0 7.2 10.2 215 73 58 


Mean | 


The anticathode of No. 4 was a thin Ti layer on a beryllium target and is not included 
in the intensity means. (Ij7,=1000 counts per minute.) 


Table 22. Voltage differences and intensity characteristics of the excitation 
curves for 26 Fe—29 Cu. 


| ’ 
| AI (=) 
No. counts/point SR’ RP (SR he AV/Pe 
counts 
| counts/volt 
1 8 000 ite ee 62 31 
2 16 000 rary 4.4 5.4 5.8 | 49 24 
Fe 3 12 000 1.0 44:8. 36-62 60. 8 65 22 
4 19 200 ie 2054S © Potbee Bs 63 30 
5 12 000 2522 Cat e616 62 28 
a 
Mean | 1.1 46 65.7 6.0 I 60 27 
| . 
1 12 800 liteedd 4-5 a6. on Cal 63 21 
2 25 600 p20 a 6 6.9 all 67 24 
Co iS 16 000 i 1.4 4.0 5.4 5.8 | 54 19 
4 6 400 lS 94.8% $66.9 (68) (16) 
5 12 800 ee! _— —_ — (84) ae 
a lll ee |e 
Mean | 14 44 58 64 | 61 21 
eee 
1 6 400 10 38 48 5.6 | 33 29 
2 12 800 —_— — — 6.2 33 Lz 
Ni 3 32 000 | 1.0 — — — | 31 
{ 64 000 (OR) I 
4 \ 25 600 (RQ) 0.9 3.9 4.8 5.2 | 33 18 
ee |) 
Mean 130 2913:8 e 04. Shoe 3 21 
a pe | a (O 
1 12 800 25 oO wae 25 16 
2 6 400 0.8: oS ect \ 30 21 
Cu 3 12 800 L Laeoca. aad: 32 7 
4 6 400 GS enow aaa 37 Ly 
5 12 800 0.6 — — 37 a 
a | a 
Mean 0.9) acd, 4a 32 18 


a EE 
Nos. 4 and 5, cobalt, refer to thin Co layers and are omitted in the intensity means. 
(I95 = 1000 counts per minute.) For notation, see Fig. 16. 
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Chapter VII. Comparison of excitation curves and absorption edges 


A. Electronic excitation 
1. The K excitation curves 


An excitation curve refers to the intensity of a single wavelength, and is therefore 
an isochromat. The photons associated with each point of the curve may be ascribed 
to two groups of electrons, both of which are spread over a certain energy band. 
The two groups correspond to the continuous and the characteristic radiation. Con- 
tinuous radiation of wavelength A may be emitted from any electron with kinetic 
energy in the interval eV to he/A, where / is the wavelength of the line investigated 
and eV the maximum kinetic energy of the electrons striking the target. This energy 
band has here a breadth of 400-900 electron-volts. The characteristic radiation may be 
excited by electrons with energies between eV and eV x, where Vx is the K excita- 
tion potential, — that is, within an interval small compared with that for the con- 
tinuous radiation. The energy distribution within the intervals depends on the nature 
of the retardation mechanism exerted on the incident electrons by the target. 

The continuous radiation forms a linear background of constant slope. The electrons 
which give rise to the K radiation are such a small proportion of the total, that the 
linearity established by Kulenkampff cannot be disturbed. 

A knowledge of the electron energy distribution in the interval eV to eV x is essential 
for the interpretation of the excitation curves. If the energy losses may be arbitrarily 
small, the existence of a horizontal section must be due to the occurrence of a 
forbidden energy band above the conduction band. A negative slope would be 
inexplicable [cf. DuMonp 1947]. According to the electron theory of metals, no such 
forbidden band exists, as the unoccupied energy bands overlap. Hence the only 
way to explain the horizontal part of the curve is to assume the electron beam 
monochromatic. The negative slope discernible in Figs. 23, 37 may then be explained 
as a consequence of decreased level density due to the occurrence of oxide in the metal 
of the target. 


2. The elementary process involved in the retardation of electrons by solids 


The small energy losses of 5-8 kV electrons on passing through thin foils of various 
materials were determined experimentally by RuTHEMANN [1941, 1942, 1948] and 
Lane [1948] with a magnetic spectrometer of the semicircular type. Similar measure- 
ments at 25-40 kV were carried out by M6LLENSTEDT [1949], using an electrostatic 
lens as velocity analyser. The foils used were a few hundred Angstrom units thick. 
The energy distribution of the retarded electrons was given by RUTHEMANN and 
Lane in the form of photometer curves of the spectroscopic material. A maxi- 
mum at zero energy decrement shows that some electrons passed through the 
foil without loss of energy. The retarded electrons are divided into a continuous 
band and one or a few strongly marked maxima. Where several maxima occur, 
they are equidistant. The existence of such maxima indicates that the electrons 
give up energy in discrete amounts at some kind of elementary retardation pro- 
cess. The continuous region may be interpreted as a statistical combination of 
several elementary processes. The zero maximum and the first retardation maxi- 
mum in the distribution curve are well separated. The distance between them 
is 19-20 V for copper and 22-24 V for nickel. The discrete energy loss for 
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beryllium, 19.0 V, is nearly equal to the voltage difference between the short 
wavelength limit and the intensity minimum of the Ohlin structure in Fig. 25 
[cf. NizBorr 1946]. ae? 

The investigations mentioned show that above the excitation potential, in a 
region corresponding to the discrete energy loss in the elementary process, the K 
radiation arises from a monochromatic electron beam, since each loss of energy 
renders the electron incapable of exciting a K level. This accords with the 
conclusions drawn in the preceding paragraph from the appearance of the ex- 
citation curves. The magnitude of the discrete energy decrement spans the whole 
structure around the RP plateau of the excitation curves. 

The ratio of the area under the zero maximum to the total integrated area 
of the distribution curve shows that the non-retarded electrons are only a small 
fraction of the total number. From the foil thickness used we see that K 
quanta by direct electron impact at voltages near the excitation potential of a 
thick target are emitted from a surface layer some hundreds of Angstrém thick. 
(Cf. Chapter I, A.) 


3. Ka, emission from electron impacts 


Let: 
@®x =the cross section per atom for K excitation by electron impact. 
n =the number of atoms per cm?. 
a = depth below the target surface. 


m(x) =the number of electrons per cm? and sec., penetrating the layer x to(x + 6z) 
with energy > eV x. 

@ =the product of the K fluorescence yield and the ratio between the Ka, intensity 
and the total K emission. 

Vx =the K excitation potential. 


Fs =the discrete energy decrement of electron retardation. 
V =the maximum kinetic energy of the incident electrons. 
C  =an apparatus constant. 


Then we have the following expression for the Ka, intensity 6I per cm? of the layer 
x to (x + 6x), where dz is so small that the change in m(a) may be neglected: 


O6I1=Dx-ndx-m(z)-wl. 


The radiation per cm? from a thick target is obtained by summation over all the 
emitting layers: 


I= @x-wCn:> m(a) da. 


In accordance with the preceding section, the -expression may be regarded as 
constant in the range Vx to (Vx +e). In this range the excitation curve therefore is 
a measure of the probability of K excitation. 

If the voltage V x + €is exceeded, a further term enters into the intensity expression, 
corresponding to excitation from electrons with energy V—e. 

K excitation may also occur indirectly by photo-absorption of bremsstrahlung 
quanta. Such fluorescence radiation cannot be neglected at higher values of 
V/Vx [Stopparp 1934 and 1935]. This contribution to the Ka, intensity is pro- 
portional to (V — Vx) in the neighbourhood of the excitation potential. However, the 
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Fig. 40. X-ray absorption and emission curves for 26 Fe-30 Zn. 
(After Berman and FriEDMAN 1939). 
constant intensity on the RP plateau of the excitation curves indicates that the 
fluorescence radiation in this region is unimportant compared with the direct impact 
radiation. 
B. The K absorption edge 


The absorption edges in Figs. 33, 35, 36 and 38 are given with the same voltage 
dispersion as the excitation curves. Their relative positions are such that the vertical 
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zero line cuts both edges in corresponding points, — “‘corresponding points” here 
signifying points in the respective curves which represent the same energy value. 
The ordinate axis of the absorption curves is log I,/J. 

The absorption edges have been taken from BrEMAN & FRIEDMAN [1939]. Their 
curves were obtained with a double crystal spectrometer and GM counter. As may 
be seen from Fig. 40, the dispersion and resolution are sufficiently high for the 
double edges to be clearly apparent. The K8,; emission bands from Fig. 40 have been 
inserted in Figs. 33, 35, 36 and 38 with a somewhat reduced scale of intensity. 

The absorption coefficient may be expressed as a sum of terms 


Tet ty. hae 


where t refers to the photoelectric absorption at the different X-ray levels, and o 
to the scattering, with and without change of wavelength. Within a small region 
near the K absorption edge all the terms may be regarded as constant, apart from 
tx. This term is zero on the long wavelength side of the edge; on the short wave- 
length side for the 3d elements it is about 10 times as large as the sum of the other 
terms. Hach term in the expression for ju is proportional to the cross section of the 
corresponding process. If the cross section per atom for K excitation is called Ox, — 
the coefficient w in the neighbourhood of the absorption edge may be expressed in the 
following way: 
f& =nOx + const. 


But uw is proportional to log I,/I, so the absorption edges given in this scale are a 
direct expression for the cross section of the radiative K excitation. 

What has been said in this and the preceding sections suggests that there is within 
limits an analogy between the two types of curve. They both represent K excitation 
cross sections, the absorption edges generally and the excitation curves in a region 
near the excitation potential. It will be seen from the figures that no considerable 
difference appears until higher energies are reached. Then the excitation curve 
continues to move upwards, while the absorption curve gradually assumes a con- 
stant value. 

According to the electron theory of metals the cross section for K excitation 
is proportional to the density N (EZ) of the unoccupied levels above the Fermi sur- 
face, and to the transition probability »(#). [Jonrs, Morr & SKINNER 1934, JonEs 


& Morr 1937]. # is here the energy relative to the bottom of the conduction band. 
Expressing this in symbols, we have 


@x(E)=A-N(E)- p(B) 
Ox (E)=B-N(E)- p(B) 
and ®ce= Ox: A/B. 


It seems justifiable to consider A/B constant [cf. Grar SopEn 1934], and full 
agreement may therefore be expected in the neighbourhood of the main edge between 
the two types of curves, not only as regards position but also in their shapes. 

The existence of a retarded exciting electron in one of the excitation events 
can disturb the identity of the level density function N(E) for the two cases. 
As this electron, however, must occupy a level in or above the Fermi surface 
and thus belong to the lattice, rather than to a single atom, the possible fine 
structure created is probably too small to be recorded with the present method. 
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C. The resolution of the structure 
1. The voitage resolution 


A comparison between the absorption edge and the excitation curves reveals a 
considerable difference in the resolution of the structure. 

The resolution of the excitation curves depends only on the voltage and current 
circuits connected to the X-ray tube. The continuous background depends on the 
shit-width and focusing defects, that is true, but since it varies linearly, it has no effect 
on the resolution of the excitation curves. The main factors limiting the resolving power 
are the inhomogeneity of the electron beam and the ripples in the target voltage. 

The size of the ripples is determined by the smoothing circuit used. The peak-to- 
peak voltage was measured as 0.08 V at 6 kV and 0.28 V at 10 kV. It seems cor- 
rect to employ the double r.m.s. values, 0.06 and 0.2 V, when estimating the re- 
solution. 

The inhomogeneity of the electron beam is due to (1) uncertainty in the work 
function of the cathode arising from patch effects, (2) the thermal distribution of 
the electron velocities, and (3) the voltage drop across the cathode filament. The 
resolving power theoretically possible is determined by (1) and (2). The patch effects 
may be disregarded for a tungsten cathode. The uncertainty arising from the thermal 
distribution is about 0.2 V [KLEMPERER]. 

The voltage drop across the cathode introduces a maximum uncertainty of 0.3 V 
(cf. Chapter I). As the emission is mainly concentrated to the centre of the filament, 
we may ascribe a half-maximum width to this distribution. It can be taken as 
0.2 V. 

Itis difficult to know how to combine the three main dispersive elements. Arithmet- 
ical addition certainly gives values which are too high. For the voltage dispersion of the 
electron beam we choose a quadratic addition and obtain the value 0.3 V, which we 
add arithmetically to double the r.m.s. value for the ripples. The total voltage disper- 
sion is then 0.3-0.5 V and the resolving power, V/dV, about 20000. 

This resolving power is twice as large as that attained by Beeman and Friedman 
for the absorption edges. They used calcite crystals, and obtained in the (1 + 1) 
position for Cu Ke,, a half-maximum width of 39,5” (= 2.9 volts). In the (1— 1) 
position the width was 10.3” (=0.8 V). This value corresponds to a resolving power 
somewhat greater than 10000. 


2. The width of the K level 


The predominant limiting factor in the resolution of structural details in the excita- 
tion and absorption curves is the energy width of the X-ray levels. This is greater 
the deeper the atomic level. From the resolution point of view, it is therefore advan- 
‘tageous to select transitions from one of the outer X-ray levels for the investigation 
of the level density in the conduction band. The existence of a detailed structure 
in the K excitation curves was therefore surprising. It indicated that the width of 
the K level of the 3d elements is smaller than the widths hitherto calculated from the 
spectral lines. The half-maximum width of an emission line is the sum of the widths 
of the initial and final levels between which the transition takes place. Hence it is 
possible to derive the width of all energy levels in an atom from the widths of the 
emission lines, if the width of one level is known. 
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RicHTMYER, Barnes & RAMBERG [1934] described a method of estimating the 
level widths on the basis of quantum mechanical radiation theory. Assuming 
the density distribution N(E) constant, the absorption edge has the form of 
an arctangent curve. The point of inflection of this curve corresponds to the Fermi 
surface, and the width of the X-ray level is obtainable from the energy difference 
in the absorption spectrum between 1/4 and 3/4 of the maximum value of the ab- 
sorption coefficient. BEEMAN and FRIEDMAN used this method to determine the 
width of the K energy levels of some investigated elements. Point L in Fig. 40 
indicates the position of the point of inflection of the appropriate arctangent curve. 
The wavelength given for the absorption edge refers to this point. The widths of the 
K levels for Fe, Co, Ni and Cu were determined to be 1.3 V, 1.9 V, 1.5 V and 1.8 V 
respectively. The value for copper is remarkably small compared with the value for 
the ferromagnetic metals. This difference can be explained by the occurrence of the 
h structure in the curves for Fe to Ni, and its absence in the Cu edge. The assump- 
tion of constant N(E) therefore applies strictly only to Cu. The arctangent curve 
is too flat for the other elements, leading to the higher values of the level widths. 

BEARDEN & SHAw [1935] give the width of Cu Ka, as 2.7 V, from which the width 
of the Ly level is calculated to be 1.4 V. This value is suspiciously high, because 
the Ly level should be narrower than the K level. The fault could lie in an over- 
estimation of the width of the K«, line. 

BroGRreEN has recently shown that the customary corrections applied to the measure- 
ment of line widths with double crystal spectrometer are probably too small [Bro- 
GREN, to be published]. This correction is usually obtained by subtracting the square 
of the half-maximum width of the rocking curve from the square of the width of 
the emission line. Measurements of the Cu Ka, width with different crystals and 
crystal planes have shown that the line widths corrected in this way are dependent 
on the resolving power of the crystal plane. If a linear subtraction is adopted, 
however, a line width independent of the resolving power is obtained. Such a correc- 
tion is permissible, if the true line shape and the shape of the rocking curve 
are of the classical dispersion form [PArRatr 1934]. BRoGREN obtained in this way 
values for the half-maximum width of Cu Ka, which lie between the limits 0.42 
and 0.45 X.U. The average value gives a voltage width of 2.2 V. The width of the 
Lr level obtained from this value is 0.9 V, an acceptable figure in relation to a 
K level width of 1.3 V. [Cf. Caucnors 1953, p. 180.] A similar correction applied to 
Fe Ka, gives a half-maximum width of 1.4 V, which must correspond to a K level 
width for Fe of about 1 volt. The K level width of 0.58 V for argon according to 
PaRRATT [1939] agrees with these calculations. 

The acceptance of the smaller line and level widths explains the high structure 
resolution in the excitation curves. The level width (b) and the voltage dispersion 
(w) are not additive. SkinNER [1946] gives a sum of the type (b+ Bw), where the 
fraction f is equal to 1/3 when 6 and w are “roughly equal”. A combination af w 
and 6 according to this formula shows that the resolution of the structure details 
is mainly limited by the finite width of the K level. 
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Chapter VIII. Determination of h/e 


A. Comparison between the two X-ray methods 


The X-ray determinations of h/e refer to the formula eV =he/A. Two methods 
can be used, one connected with the quantum limit of the continuous spectrum and 
the other with the excitation potential of characteristic X-ray lines. 

The quantum limit method endeavours to find the smallest voltage of the X-ray 
tube that enables the electrons to produce continuous quanta of a frequency cor- 
responding to the detector position, adjusted by means of a well defined emission 
line. The method with excitation potential involves a comparison between electronic 
and radiative excitation of convenient energy levels and is thus referred to wave- 
length data for absorption edges. 

The determination of the wavelength to be put in the formula above involves two 
types of error, (1) error in the wavelength used as reference and (2) error in the adjust- 
ment of the spectrometer. In the latter group we include the focusing defects of the 
. erystal. As regards the quantum limit method, error (1) is negligible to error (2). 
For the concave crystal spectrometer OHLIN [1941] calculated a mean square value, 
which amounted to 0.01 %, whereas the wavelength error of the reference line was 
taken to 0.001%. For the excitation potential method, error (2) is zero and the 
‘Inaccuracy is entirely caused by error (1). 

The inaccuracy in the voltage determination is identical for the two methods. 

The apparent advantage of the excitation method is, however, counterbalanced 
by a further important source of error, not existing in the quantum limit method: 
the error in the identification of corresponding points. For the identification we 
can start with a definite point in the excitation curve and try to find the corresponding 
point in the absorption edge. In such a case an identification error will appear in 
the wavelength determination. We can also enter the opposite way and introduce 
an identification error in the excitation potential. 


B. The results 


The determination of h/e in the present investigation is based on Figs. 33, 35, 36 
and 38. The excitation curves shown in these figures have main edges which correspond 
to the mean values in the respective tables to within very small margins of error 
(0.1—0.2 V). The point Z on the absorption curves is the point to which BEEMAN & 
FRIEDMAN’s wavelength values refer. The inaccuracy in the wavelength determina- 
tion is given to 0.02 X.U. The vertical zero line through L intersects the excitation 
curve in a point chosen as the point corresponding to L. 

A scale with values of h/e is incorporated in the figures. This scale is calculated 

‘from the L value given and is fixed in relation to the volt scale and excitation curve, 
For different choices on this curve of voltage points corresponding to the wavelength 
point D, it indicates the resulting h/e value. pyen 

Copper and nickel give the most reliable determinations, and have been grouped 
by themselves. Copper has no h structure, so the corresponding points are easily 
fixed. The curve for nickel has a high degree of symmetry, which facilitates the 
determination of the point corresponding to L. Iron and cobalt give less accurate 
values, as will be seen from Fig. 33 and 35. 
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Table 23. Calculation of h/e from the excitation potentials. 


r hje+ 1017 
hie Anns Vexe erg: sec. Weight Mean 
line (cee) (abs. volt) a. ae 
Fe Ka | 1 739.9 CAD 1.3794 
Co Ka, | 1 604.9 7 707.9 1.3792 1 1.3793 + 0.0006 
Ni Ka 1,485.2 8 330.5 1.3794 2 
Cu Ka, | 1377.7 8 980.2 1.3794 2 1.3794 + 0.0006 
Mean | 1.3794 + 0.0006 


Table 24. Comparison of various recent values of h/e. 


F tated 
Year Method hje- 1037 peree Notes 

QUIGENG mt attato tess isc cage > 1941 | Quantum limit 1.3799 | +0.0008 3-5 kV 
ScHwarz & BEARDEN ....... 1941 | Excitation potential] 1.3795 0.0010 Ni & Co Ka,, 

WLe, 
PANOFSKY, GREEN & DuMonp| 1942 | Quantum limit 1.3786 0.0002 20 kV 
BEARDEN & SCHWARZ....... 1950 | Quantum limit 1.37926 0.00008* | 8-10 & 20 kV 

Oxide cathode 

BEARDEN, JoHnson & Warts] 1951 | Quantum limit 1.37928 0.00004* | 6, 10 kV 
INTEISSONE Ente eins siete aeiaers - 1952 | Excitation potential] 1.3794 0.0006 Fe-Cu Ka, 


ee ee 


The OHLIN value given is recalculated from his original figures and corrected for the work 
function of the cathode. 


Probable errors are indicated with an asterisk, the other ones are conservative maximum 
errors. 


As identification error we may choose a fraction of the total main edge in the excita- 
tion curve. It is improbable that L falls outside a range 2/3 of the distance hR (See 
Fig. 16) in the iron and cobalt curves and for nickel and copper we can no doubt 
choose the smaller ranges }/R and 3SR respectively. This introduces an identification 
error of +0.01 % for the former elements and + 0.005 % for the latter. Table 23 
summarises the values of h/e obtained. 

For chromium and titanium there exist no measurements of the K absorption 
edge with a resolution and accuracy as high as in Beeman & FRIEDMAN’s curves. 
As the h structure is small compared with the entire height of the main edge for these 
elements they are more convenient for h/e determination than the ferromagnetic 
group. 

The K level determination of h/e may be compared with the quantum limit value 
(1.3793 +0.0006)10-17 erg - see. /e.8.u., given in Table 10. As previously mentioned, 
the value of ¢ used in the calculation was 2.99790 - 10!° em /sec., and of the conversion 
factor for kX units to Angstrom, 1.00202. 

In Table 10 a h/e value is also computed neglecting the work function correction. 
It is a remarkable fact that this value, 1.3783 - 10-17 erg - sec. /e.8.u., well agrees with 
OHLIN’s values of h/e [1941] if these are recalculated with the constants used in this 
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investigation and with applied correction for the temperature effect in the resistors 
R. These recalculated OuLtn values are kept within the small range (1.3782 — 1.3784) 
HO-2* erg - sec. /e.s.u. 

Table 24 gives a summary of X-ray determinations of h/e from OLIN and 
onwards. OHLIN’s value was the first to bridge the gap between the X-ray values and 
those determined from the formula for the Rydberg constant [Ontin 1942 b]. His 
recalculated value in Table 24 is corrected for the work function of the cathode. 

Scuwarz & BraRDEN’s value from excitation potential determinations [1941] is 
averaged by the author, who has also corrected it according to a note in the paper of 
Brarpen & Scuwarz [1950, Tab. II]. All the h/e values agree perfectly well with 
the value 1.3793 - 10-17 erg - sec./e.s.u. computed from the Rydberg constant. 


C. Error discussion 


The use of the method of least squares for computing the so-called probable errors 
requires great statistical material. In the present investigation we prefer to perform 
a conservative maximum error estimation. In the calculation of the accuracy of 
the high voltage seven systematic errors are introduced. As all the errors probably 
do not act in the same direction we may add them by computing the square root 
of the sum of the squares. The accidental error, taken as the average deviation of 
the mean, is then added arithmetically. 

A survey of the estimates of the relative errors is given below. The maximum 
errors are introduced in Table 23. 


1. Errors in the determination of the voltage 


mmperercanaaraeells (Labs 4). 2% kei oeeiet 9 .aS4 Lda te ond as S a1 0s 
flue Wioltfprecision potentiometer. 4 soeccns oi. aes lewd a du eulewelen 10% 10-5 
Pom irosicrors,.d(Chapiter, VB )ehons aetna hieemann sj. pee ih Os 10 x 10-5 
Piece resistors. (Chapter V, B) me oqaas cen was ew ews. Hew Pia des LOX 108 
e) The correction factor for the bridge ratios (Chapter V, B).......... 5 x 10-5 
mecero poms, drift,of the. galvanometer. ici i. ccs 05 2 Ta. ove era 28 larg OTe 
g) Contact potentials and thermo-em/ (arbitrary estimation) .......... 10 x 10-5 


The square root of the sum of squares 23 x 10-5 
Average deviation from the mean (calc. for the S and P voltages) 5 x 10-° 


Sum: + 28 x 10-5 


2. Errors in the calculation of h/e 


The excitation potential method. 


a) Error in the wavelength determination [Beeman & FrirpMan 1939] 3 x 10° 
b) Error in the voltage determination ...2......0@ sees sees eee eens 28 x 10-5 
c) Error in the factor c?[acc. to BERGSTRAND, see BraRDEN & Watts 1951] 2 x 10 
d) Error in the conversion factor kX to Avi DRAGOMO47 | wehhv adnan 3 Xx 10% 
e) Identification error (Chapter VIII, B) ............-. sees eee eee. 5 x 10-5 


Sum: 4110 


This sum refers to copper and nickel. For iron and cobolt the sum increases to 46 x 10° 
owing to the higher identification error. 
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The quantum limit method. 

The identification error will be excluded, and the error in the wavelength deter- 
mination changed to 10 x 10~° in order to cover the errors due to the adjustment of 
the spectrometer [see OHLIN 1941]. The relative maximum error will then amount 
to 43 x 1075. 


Chapter IX. The structure of the excitation curves and the 
electron theory of metals 


A. Theoretical outline 
1. The energy bands 


According to the Sommerfeld theory of metals the energy states of the valence 
electrons form a continuum with a level density N(£) proportional to the square 
root of the energy #. At the temperature of absolute zero the electrons occupy 
entirely the lowest states up to a discrete limit Emax, above which the energy levels 
are completely empty. At finite temperatures electrons in the neighbourhood of the 
limit Emax (the Fermi level) are to a certain degree thermally excited. Generally, 
the density of occupied states will be expressed with the Fermi distribution function 
{(H, T). Thus the number of electrons having energies between E and E +dE is 


2N(E)dE 


1+e42kT 2 


2}(E, T)-N(E)dE= 


where for ordinary temperatures approximately 4 E = E— Emax. The sharp jump 
in the density of occupied levels at zero temperature will be diffused over an energy 
range of the order of size kT (Cf. Chapter VI, A). 

For the majority of metals the Sommerfeld theory gives only a very rough approxi- 
mation and it has been necessary to develop the theory with more accurate assump- 
tions to get satisfying descriptions of the properties of real metals. 

The Sommerfeld theory assumes a constant potential distribution over the entire 
volume of the specimen. In a real metal the potential is a periodic function, varying 
with the period of the lattice. An advanced metal theory must take this into considera- 
tion. The complexity of the problem prevents an exact treatment, but approxima- 
tion methods have been developed for various important cases. 

One of these, the “nearly free electron” method, assumes the periodic variations 
of the potential function small compared with the kinetic energies of the electrons. 
Owing to the lattice field the electron wave will suffer Bragg reflections for certain 
energies and directions. As a consequence of that the continuum of energy states 
in the free electron theory is divided into allowed and forbidden bands, corresponding 
to separate zones (Brillouin zones) in the momentum space. 

A theory along these lines applied to the fine structure of the absorption edges in 
X-ray spectra has been worked out by Kronie [1931, 1932]. In an investigation 
of the K absorption edge of different iron compounds Coster & KrestTra [1950] 
have shown that the Kronig theory is valid for energies about 175 eV above the Fermi 
level, in agreement with the assumption of small potential variations in relation to 
the kinetic energies of the electrons. Below 70 eV the absorption coefficient was 
mainly a property of the atom in question. 

An approximate treatment, relevant to the case of small electron energies, is the 
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method of “tight binding’, which, contrary to the Brillouin theory, assumes the 
electrons strongly bound to the respective atoms. The influence from the surrounding 
atoms is introduced as a perturbation of the atomic field. As atoms are brought 
together from far apart, the discrete atomic energy levels will according to this 
treatment be broadened into energy bands with continually increasing widths. 
If the atomic distances are decreased to crystal lattice dimensions, higher energy 
bands with states of different symmetry overlap and form so-called hybridized 
states. For most metals the overlapping occurs already at the energy band, con- 
taining the conduction electrons. 

A third approximation method, intermediate to the two other ones, the “cellular 
method”’, is worked out by WicNeEr, Serrz and Starter. The majority of the existing 
numerical calculations for real metals are performed by this method. 

For a detailed treatment of the different aspects of the electron theory of metals 
the reader is referred to Mott & Jones 1936, Caucuots 1948, Raynor 1952 and Morr 
1952. 


2. Electronic transitions from X-ray levels 


At the excitation of an X-ray level, with which case we are concerned here, an elec- 
tron is raised from the discrete deeper level to one of the unfilled energy bands 
above the Fermi limit. As mentioned above these bands usually overlap and the 
_ energy states are hybridized. An exact theoretical treatment will be very complicated. 
For the special case of transition in which an X-ray level is involved, however, a 
simplified model can be used. According to Jonrs, Morr and SKINNER [1934, JonES 
& Morr 1937] the wave function for an energy state can, in the neighbourhood of 
the nucleus, be developed in a series of terms, each referring to a single symmetry 
s, p, d,... In the case of X-ray transitions we are therefore allowed to (1) regard the 
level densities NV (#) as a superposition of separate level densities with pure symmetry: 


N(E) =N,(E) + Np(B) + Na(E£)+-* 


and (2) apply the atomic selection rules to electronic transitions to or from the conduc- 
tion band. 

The selection rules for dipole radiation require a change in the / quantum 
number with A/= +1. This means that transitions to or from the K level can 
occur only to or from energy states with p character. Quadrupole radiation, 
with possible transitions for 4/=0 or +2, could be taken into consideration, 
but the probability of such transitions is so small in relation to that of dipole 
transitions that they may be neglected. 

Thus we can consider, according to Chapter VII, the partial absorption coefficient 
tx(E) proportional to the product of the density of unoccupied levels and the transi- 
tion probability in the following way: 


TK (H) x Np (E) + Dssp (Z). 


The transition probability »;.»(H) will be approximately constant in a small range. 
The absorption coefficient tx(H), the excitation cross section ®x and the radiated 
intensity I <q, (with the limitations metioned in Chapter VIJ), are therefore proportional 
to the density of energy states with p character: 


Tica, (B) & Ny» (E). 
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Fig. 41. Density of states as a function of energy. 


a. Filled and unfilled energy bands of copper. After RuDBERG and SraTER 1936. 
b.The 3d band of nickel. After FuercHer and WotrartH 1951. 
e. The higher energy maximum of the 3d band of nickel, FLETCHER 1952. 


As a consequence of the theoretical considerations of J ONES, Morr and SKINNER 
we make use of the expressions “3d band”’, “4s band” and “4p band”, according to 
the main symmetry, and identify these bands in the excitation curves. It must 
however be remembered that such a notation is mainly formal and that its corre- 
spondence to real properties is strongly limited, 


3. The 3d elements 


The 3d elements have the argon shell 1s? 282 2p® 3s? 3p® completely filled. From 
the X-ray spectroscopy we know that the next higher states, 3d, 4s and 4p, are, 
because of the crystal formation, broadened into wide overlapping energy bands. 
The different energy levels around the Fermi limit must therefore exist in hybrid 
(spd) states. The investigated clement with the lowest atomic number, 22 Ti, has 4 
electrons outside the argon shell. These partly fill the 4s and partly the 3d band. 
The number of 4s electrons per atom is for the 3d elements nearly constant and as 
we proceed to higher atomic numbers the added electrons fall in the 3d band, which at 
29 Cu contains 10 electrons, the maximum number for this band. 

For a few of the 3d elements and the neighbouring metals the energy levels are 
calculated with some of the approximation methods mentioned in section Ags. 
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The most extensive treatment has been applied to the band structure of cop- 
per and nickel. The cellular approximation method is applied to copper by 
Krurrer and Srater [Krurrer 1935, Suarer 1936, Rupperc & SLATER 1936]. 
The density curve for copper according to RupBEerG & SLATER is shown in Fig. 41a. 
The states are occupied by electrons to the level marked Cu. The 3d band with its 
10 electrons per atom has a remarkably high level density. It overlaps the 4s band 
which extends with low density from about the bottom of the 3d band to the trough 
M in the figure. The 3d band is split in two peaks, the lower containing two and the 
higher three sub-bands. According to Krutter the lower energy peak has no p admix- 
ture. [Cf. Beeman & FRIEDMAN 1939.] From the point M and above, the bands are 
mainly of p symmetry. Two sharp density maxima, A and B, occur. 

The theoretical results for copper are extrapolated to nickel. The nickel bands 
contain one electron less than copper and the Fermi level is shifted to the level 
marked Ni in Fig. 41a. 

Recently FretcHer and WoutrartH [1951] have recalculated the density of 
states for the 3d electrons in nickel with the method of tight binding. The general 
appearance of the resulting density curve is, as shown in Fig. 41), similar to 
the one calculated by RupBrerG & Starer. An important difference exists, however. 
The tight binding method gives a total width of the 3d band of 2.7 volts, which 
is less than half the energy width according to RupBeRG & SLATER. The paramagnetic 

form of nickel is filled with electrons of both spins to the level marked p in the figure. 
_ For the ferromagnetic form the electrons of one spin fill the entire band, while the 
ones with the opposite spin have the upper limit marked f, thus having an empty 
range of 0.2 eV, which according to the improved calculations by FLETCHER [1952] 
includes the peak of the higher energy maximum (Fig. 41 c). 


B. Discussion of the structure 


1. The copper and nickel curves 


The copper excitation curve (Fig. 38) and the corresponding absorption curve of 
BEEMAN & FRIEDMAN are similar in the main tracks. As is seen in Fig. 41a the Fermi 
level lies in the 4s band, the p admixture of which determines the height AJ of the 
RP ridge in the excitation curve. This ridge has a horizontal or slightly negative 
slope and is terminated by a sudden intensity increase at P, indicating the beginning 
of the 4p band with a high p level concentration. From P onwards the intensity 
curve rises almost linearly. 

The SR edge is very sharp as is seen in Fig. 38 a, where the resolution is higher than 
in the curve b, because of the smaller intervals in the additional voltages v. The 
width SR of the edge corresponds to the breadth of the K level according to the 
discussion in Chapter VII, C. The Fermi limit is represented by the point H. 

Cavucuots [1953] has measured copper’s Ly; absorption and found a second sharp 
increase in absorption about 3.5 eV from the main edge. This distance is in good 
agreement with the distance of 3.6 volts in the excitation curve between the points 
H and P, corresponding to the first and second intensity increase. In remarks on the 
work of Caucuors, Mort [1953] calls attention to the occurrence of s states of high 
density at the bottom of the 4p band (second Brillouin zone) but according to the 
sharp intensity increase in the excitation curve for about the same energy level the 
symmetry cannot be entirely of s character. The uncorrected width of the Ly; edge 


587 


A. nitsson, The K excitation potential of some 3d elements 


is given by Caucuors to be 1.2 volt, slightly greater than the SR width for copper 
in Tab. 22. r.2 

Apart from the / structure the nickel excitation curve is very similar to the copper 
curve. The N,(£) function for copper and nickel is drawn in the reference Morr 
1953, where for the bottom of the 4s band a density distribution proportional to 
E°” is suggested on account of the earlier paper by Jones, Morr & Skinner [1934]. 
The distribution function reaches a maximum a few volts from the 4p band and 
has then a negative slope. For copper the Fermi limit lies near the maximum of the 
distribution function, while for nickel it lies at a more levelled range with low densities. 
The change in slope should be noticed in the excitation curve of nickel but is screened 
by the existence of the h structure, which, as we shall see later, can be interpreted 
as transitions to the empty part of the 3d band. This, according to FLeTcuHER, has 
a width of 0.2 volts for ferromagnetic nickel, but in our case we must reckon with 
a blurring effect because of the width of the K level. A reconstruction of the 3d 
contribution to the intensity could therefore give an estimate of this width. Such 
an attempt is made in Fig. 31 with the rough approximation of a straight line for 
the 4s edge. The value obtained is 0.6 V (the same size as for the copper edge meas- 
ured with the smaller voltage intervals). 

Fig. 39 shows the fine structure higher up on the PQ part of the excitation curves 
for copper, nickel and cobalt. The letters in the figure indicate the position of the 
points similarly marked in the absorption curves of BEEMAN & FRIEDMAN and in the 
theoretical curve in Fig. 41a according to Rupperc & SLATER. For copper a 
numerical comparison is performed in Tab. 25 between the positions of the points 
L(=H), M(=P), A and B in the experimental and theoretical curves. It is seen 
that these are in good agreement. 

In the case of nickel and cobalt some maxima are to be found, in the excitation 
curves, which do not correspond to similar structures in the absorption edges. It 
is interesting to note that the beginning of the extra Ni maximum above the maximum 
B has a voltage distance from the sharp intensity increase at P equal to the discrete 
energy loss measured for Ni by Lane (See Chapter VII). 


2. General remarks 
The h structure 


The assumption that the h structure (See Figs. 29-31) corresponds to a transition 
into the empty 3d band is supported by several observations: 

(1) The h structure decreases in width and height from Ti to Ni and disappears 
entirely at copper. Such a behavior corresponds to the decrease of the unfilled upper 


Table 25. Comparison of the calculated and observed structure of the copper 


curves, 
le iar hs 
Structure Theory | Exc. curve BEEMAN and 
FRIEDMAN 
H-P (L-M) 3.4 3.6 4.0 
P-A (M-A) 8.3 8.2 10.7 
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part of the 3d band. The measured h dimensions are about the same for the elements 
Cr, Fe and Co. (The cobalt curve in Fig. 31 is measured with a thin cobalt target and 
has a somewhat larger h structure than the curves with thick targets. See Figs. 34 
and 35.) Titanium definitely gives, however, a wider and higher h structure and 
nickel a smaller and lower one than the intermediate elements. 

(2) If the interpretation of the hf structure as arising from the 3d band is cor- 
rect, the Fermi level should correspond to the point h (Fig. 16). A calculation on 
such assumptions for the My, m, level has been made for nickel and chromium and 
the result compared with directly measured values (Tab. 26). The agreement between 
calculated and experimental values supports the 3d interpretation, especially in the 
case of chromium, where a choice could possibly be made between the points h and 
H as representing the Fermi level and where the distance between these points is 
large enough not to be overbridged by the inaccuracy in the voltage measurements. 

In Tab. 26 the Ly; and My, m levels have been calculated for all the investigated 
elements from the determined voltage value of h (for copper H) and the precision 
measured emission lines Ka, and K@,. Available earlier measurements of emission 
bands and absorption edges show generally good agreement with the calculated 
values. (The calculations were made with h/e= 1.3793 - 10-1” erg. sec. /€.8.U.). 

(3) As we can see from the Figs. 33, 35 and 36 the K8, edge and the inflection point 
L, corresponding to the Fermi level calculated by BEEMan & FRIEDMAN, coincide 
for Ni but not for Co and Fe. The discrepancy is of the same order of magnitude as 
- the width of the A structure. The absorption edges constitute a mean of the unresolved 
(3d, 4s) structure; the KG; edge, however, corresponds entirely to the 3d limit. 

(4) The long wavelength side of the K8,8; emission band of Zn (Fig. 40) shows a 
similar picture as the main edge of the excitation curves for Fe, Co and Ni. This 
emission band is a poorly resolved doublet, for which the lower energy maximum is 
identified as the (K—Mhyy, vy) transition and the higher energy maximum is ascribed 
to transitions from p states intermingled with the s states in the 4s band. A similar 
appearance can be expected for the edge in the excitation curves when the 3d band 
contains empty states as in the case of all the 3d elements. 


Table 26. Ln and Mir,1m edges (in absolute volts), calculated from the K ex- 
citation potentials and compared with experimental data. (Wavelengths of Ka, 
and K®, from Lanpott-BérnstTEeIn, Zahlenwerte und Funktionen, 

6. Auflage, 1950.) 


Lyyz edge Myy, 111 edge 
Cale. Exp. Cale. Exp. 

22 Ti (h =4 963.5) 453.1 (452.6) (em.)4 32.2 

24 Cr (h =5 987.4) 573.3 (572.0) (em.)1 41.0 41.6+0.3 (em.)® 
' | 26 Fe (hk =7 110.5) 707.4 (705.7) (em.)4 53.3 
27 Co (h =7 706.8) 177.2 (776.3) (em.)4 58.1 

28 Ni (h =8 329.8) 852.4 852 ~=(em.)2 66.0 65.8+0.1 (abs.)4 

: 933 (abs.)? ues {74.7+0.5 (abs.)5 

29 Cu (H = 8 980.2) oo) 932.4 (abs.)? \ 74.7£0.3 (em.)° 

RE Net eae cs es a a ee Se er ee oe oe eee ee 


1 Tyrin 1937. (These figures refer to the maximum of the Lx emission band.) 
2 CaucHors 1953. 3? Sorum 1946. 4 SKINNER and JonNsTON 1937. ° JouNsTON 1939. 


6 Gyorgy and Harvey 1952. 
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Alternative explanations of the origin of the h structure could be taken into consid- 
eration: (1) Oxide influence of the type shown in Fig. 37, (2) creation of exciton 
levels [see however Caucnois & Morr 1949, Morr 1949] and (3) fine structure due 
to the screening of the residual positive charge according to FRIEDEL [for references, 
see Morr 1953]. These alternative explanations are however not free from objections 
and can hardly counterbalance the four favourable arguments given above. 


The 4s band. 

The 4s plateau arises to a height of about 20 % of the continuous background for 
the elements chromium and titanium. As is seen from Figs. 22 and 27 the RP ridge 
is very well marked. The intensity rises apparently linearly both at the primary and 
the secondary edges. Tabs. 20-21 show that the slope of SR is slightly steeper than 
the slope of PQ. According to this observation the density of states with p character 
at the bottom of the 4s bands must be somewhat higher than at the bottom of the 
4p band. 

The width of the primary edge for Cr and Ti, 3.0 V, is larger than the dispersion 
of the voltage due to the K level width and limited apparatus resolution, and must 
be ascribed to a continuous increase in the p character admixture. At the bottom 
of the first zone the density of p states should be proportional to E*” according to 
Jones & Mort [1937]. If this is the case here, it cannot be seen from the excitation 
curves because of the fine structure at the foot. From emission bands, expected to 
vary with H?”, it can easily be seen that if the lowest part of the band is cut off, 
the rest has an approximately linear appearance. Compare, for instance, the emission 
bands in the reference SKINNER 1938, p. 271. 

In comparison with Ti and Cr the elements Fe to Cu have a remarkably lower 
4s plateau, indicating a fall of the p admixture in the 4s band as the atomic number 
increases. In the same direction the length of the plateau decreases, partly because 
of change in the relative position of the Fermi level with added electrons and partly 
because of the general shrinking of entire structure. Data for length and height of 
the 4s plateau are given in Tab. 22. 


The 4p band. 


Here we can expect a strong intensity increase because of the favourable symmetry 
of the dominating states. From Fig. 15 it can be seen that the steep slope of the inten- 
sity curve is definite. Fine structure occurs but is difficult to measure. An attempt 
has been made in the earlier considered Fig. 39. The most evident variations refer 
to the lattice influence on the excited electrons. Towards higher voltages the excita- 
tion mechanism will be more and more complicated and a detailed analysis difficult. 
Retarded electrons will soon be able to excite the K level and the fluorescence excita- 
tion by continuous quanta will be increasingly important. 


Summary 


1. A concave crystal spectrometer is used to determine the intensity function 
of K emission lines in the neighbourhood of the excitation potential for some 3d 
elements. : 

2. A method has been worked out to obtain pure targets under vacuum conditions 
and to suppress the contamination velocity in order to get reproducible intensity 
measurements of the characteristic radiation. The X-ray tube is reconstructed and 
equipped according to this method. 
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Bao A. ee counter is constructed with high efficiency in the wavelength region 
1.5—2.6 A. 


4. The intensity function is recorded and the K excitation potential determined 
for the following lines: 


a) the Ka,, Ka, and K®, lines of chromium and 

b) the Ka, line of titanium, iron, cobalt, nickel and copper. 

5. The intensity function is recorded for Cr Ka, at a target temperature of 1000° C. 

6. An isochromat is recorded, containing the quantum limit of the continuous 
spectrum and the excitation curve for the Cr K@, line. 


7. A proof is given for the necessity of work function correction in the determina- 
tion of the excitation potential. 

8. A summary in absolute and international volts is given in Tabs. 18 and 19 
of the excitation potentials measured. Voltage differences and intensity characteris- 
tics for the structure of the excitation curves are given in Tabs. 20-22. 

9. The electronic and radiative excitation is discussed. A comparison of the absorp- 
tion edges and excitation curves is given in Figs. 33, 35, 36 and 38. 

10. A value of h/e is obtained from the K excitation potentials and the K ab- 
sorption edges for the elements 26 Fe to 29 Cu. The result is (1.3794 + 0.0006) - 10-27 
erg - sec. /e.8.U. 

11. Ly: and My, m edges are calculated for the 3d elements investigated. 

12. An attempt is made to explain the structure of the intensity curves from the 
band theory of metals. 
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